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Title: METHOD AND APPARATUS FOR ELECTRONIC POWER CONTROL 

This is a Continuation-in-Part of US Patent Application No. 09/802,809 filed 
03/08/2001, which is a division of US Patent Application No. 09/241/831 filed 

2/1/1999, now issued as US Patent No. 6,229,288, which is a Continuation-in- 
Part of US Patent Application No. 08/371,512 filed 1/11/1995, now issued as 
US Patent No. 5,747,972. 

TECHNICAL FIELD 

The invention relates to the field of electrical power conversion and control, across a 
wide range of current and voltages; more particularly, it relates to method and apparatus for 
electronically implemented power control, more particularly, those implemented with switch 
mode power conversion techniques. 

BACKGROUND OF THE INVENTION 

An electrical power conversion circuit is a circuit in which electrical power is changed 
so that a power source with a voltage or current can serve a load requiring a predetermined 
voltage or current. In switch mode conversion circuits and power conversion techniques, 
power is typically changed from a supply that is higher in current or voltage to serve a load 
requiring lower current or voltage, or firom a supply that is lower in voltage or current to a 
load requiring higher voltage or current. Where high conversion efficiency is made possible 
by design of the circuit, power output is substantially equal to power input. Where voltage - 
ampere products (VA) are close to the same at both output and input, and assuming a fixed 
VA at the input, a reduction in voltage at a resistive load is necessarily accompanied by an 
increase in load current, and vice-versa. 

There are three basic classes of switch mode power converters. They include step- 
down (buck - see Figure 1), step-up (boost), and inverting (including flyback) converters, and 
"duals" of these three. A "dual" version of any of the three basic class devices can sometimes 
be effected by a simple transform as follows: 

Series inductors become parallel capacitors; 

Parallel capacitors becomes series inductors. 
Other transforms can be more involved, and the above transforms are provided as illustrative 
only, as will be appreciated by those skilled in the art. Dual topologies are known to have the 
following characteristics: a) discontinuous currents to and firom the voltage sources become 



continuous currents to and from voltage sources; b) the DC transfer function (output 
voltage vs. input voltage vs. duty cycle) remains the same; and c) the dual input and 
output inductors can be combined together in one magnetic structxure. 

In all such topologies, at least with respect to DC functionality, each converter 
6 typically consists of two switches, an inductor, and input and output filters. Nearly all 

conventional converters are some derivation or combination of these topologies and their 
duals. 

Output voltage regulation in these known converter topologies then is achieved 
by varying the duty cycle of the switches. Figure 1 shows a simple buck converter with 
10 ideal switches. In DC conversion circuits of the type generally known as buck or boost 
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111 regulators, the two solid state switches typically employed are reciprocally and cyclically 
'l^p operated so that one switch is 'on" or conducting, while the other is "off or non- 
£f| conducting, and vice-versa. Thus as the duty cycle of the modxilation of the two switches 
5 is varied, so is the voltage (or current) conversion ratio varied between source and load. 

1&;,| For example, in a buck topology, if Si is modulated at a given duty cycle D and S2 is 
modidated exactly opposite Si (S2 closed when SI is open and vice versa) then output 
voltage is given by the formula: 
□ V * = V *D 

Q Other known formulae similarly apply to other respective known regulator classes, as 

2(f will be appreciated by those skilled in the art. This relationship holds for either polarity 
of Vin. Theoretically then, alternating voltage on the input would manifest itself on the 
output according to the same relationship, assimiing the use of "ideal" switches. 
However, as a matter of practice, in the absence of such ideal switches, conventional 
single stage converter implementations do not function in AC to AC conversions. 

25 In conversion circuits used to drive reactive loads such as induction motors, bi- 

directional energy flows and otiier £3ur quadrant operation must also be accommodated. 
Simple power transformers are in common usage, though necessarily restricted to AC 
power conversion; however, they grow heavy and bulky as power levels increase, and 
they are by natxire not readily variable in their conversion ratios without some kind of 

30 tap changing modification. 

There has been substantial work done in the area of AC converters, but known 
methods suffer for one or more reasons. For instance, some employ simplistic control 
schemes that lead to a variety of failure modes in the switches. 

In all real world switches, there exist timing delays and finite rise/fall times, both 

35 of which vary firom device to device and over varying operating conditions. If care is not 
taken in a conventional two switch converter as outhned above, both switches could 
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ooBduct simultaneously, with attendant high currents and ezoessive power dissipation 
which can destroy the switches. 

Power transistors of some of the types commonly employed as switches in 
converter topologies (and other semiconductors similarly employed) are known to store 
si gnificant amounts of charge, and if a control voltage is applied to turn one transistor 
off as the control voltage is heing apphed to turn the other transistor on, the flow of 
current in the first transistor would continue for sometime after the turn off control, 
simiiltaneous conduction in both transistors would occur to cause a short across the 
power soiurce, with potentially damaging current flow through the switches. 

A simultaneous "ofP' condition for both transistors is also a problem, for if the 
first transistor is turned off before the second transistor is turned on, the series inductor 
in such regulating circuits (in series with the opening switch) would discharge, or force 
current, through the opening switch and subject the switch to potentially damaging 
voltage. 

One known techmque for dealing with the first phenomenon is the addition of a 
switching delay, or dead time, into the tum-on of each switch, after turn-off of the other 
switch Generally, a value for the length of the switching delay is chosen to insure that 
one switch is completely off before the other is enabled. But in the AC circuit supposed 
above, that then results in both switches being disabled at the same time. And as 
discussed above, if any current is flowing in the output inductor LI, then the resxilt of 
both switches simultaneously disabled is a voltage spike across the switches which will 
likely destroy them. This spike typically has to be clamped via some snubber or 
clamping network, but that then results in excessive damp power dissipation and 
excessive switching losses in the switches. For an example of a manifestation of this 
problem, and an example of this limiting solution, see US Patent 4,947,311 to Peterson, 
the disclosure of which is hereby incorporated by this reference into this disclosure as 
background as if fiilly set forth. 

Another approach to the problems described above has been through the use of 
resonant switching circuits that employ zero voltage or current switching techniques. 
These are sometimes referred to as "soft switching^, or zero voltage switched, 
techniques. Converters employing these techniques do tend to be more efficient in 
theory than the "hard" switching circuits using snubbers mentioned above, but some 
topologies have proven difficvdt to control, where the resonant circuit becomes 
increasingly xmstable at lower power ranges. In addition, such resonant circuits also 
have more narrowly defined operating conditions (i.e., mmiTnuTn and maximum current 
limitations), and are therefore less robust for industrial appUcations, and these circuits 



typically trade switch losses for increased conduction losses, and require bulky resonant 
componentry. 

Switching losses into an inductive load, as encountered in conventional circuits, 
are generally proportional to the product of turnoff time, peak current, peak voltage, 
and switching frequency, and can be calculated from the well known formula: 

P.^ = 0.5 toff * Vp^* Ip^* Frequency 
where P.^ is the switching loss expressed in imits of power. In a snubbed or damped 
circuit, there is always a voltage rise across the snubber during dead time as long as 
either current or voltage is non-zero. As a result, there is always a significant switch 
or snubber dissipation. In addition, during high current surge conditions, the snubber 
may not be able to adequately limit the voltage rise, leading to potentially catastrophic 
device failure. 

These known circuits therefore have significant limits in capability of conversion, 
at least in terms of output power, efficiency, reliability and cost. This is especially the 
case with present high power semiconductor technology where higher power and lower 
cost devices are also generally the slowest, and therefore have inherent and 
unacceptably high switching losses. 

Recently, a variety of other topologies have been suggested for direct AC/AC 
converters (also sometimes simply referred to as electronic transformers). These 
suggested topologies have generally fellen into two types: "zero voltage switched* (ZVS) 
a.k.a. "soft switched"; and traditional switchmode topologies, a.k.a. *'hard switched". In 
those topologies suggested for use in hard switched converters, it appears that the 
power switches are implemented either as two bidirectional switches or as four 
unidirectional switches. A control scheme for a two switch converter referred to above 
is typically some form of simple modulation (such as pulse width modiilation or PWM), 
which schemes make use of dead times, or delays, as discussed above. 

Where these suggested topobgies are implemented with four switches, it appears 
the corresponding suggested control schemes diverge firom one another. Venturini 
describes a scheme for switch control as a "staggered oonunutation", while Lipo 
discusses a similar method. In both of these descriptions, all four switches are required 
to be controlled at high speed, with both critical timing (induding dead times) and level 
shifting required from a common controller. Cho briefly describes a different scheme 
which modulates two switches at high speed, but does not define any required dead 
times or transitions (if any are needed). Villaca employs two bidirectional, zero voltage 
switching (ZVS) switches operating from a simple pulse width modulator. 



These suggested control schemes have a muziber of points in common: 1) they all 
have multiple switches operating simultaneously at high frequencies; 2) the timing 
between these switches is highly critical, in order to avoid cross conduction or voltage 
spikes from the output inductor; 3) maximum duty cycle may have to be limited to 
accommodate what may be required as fixed timing delays* and circuit response time 
to output overload can be consequently dangerously delayed; 4) they all apply high 
frequencies voltage waveforms to the output inductor, which frequencies are essentially 
the same from no load to fuU load, which results in a fixed core loss in the inductor with 
attendant significant power loss even at light load or no load operation, thus reducing 
conversion efficiency at light load with attendant increased electricity costs; 5) by 
enqploying an u nnhanging high fii^quezKy waveform, the switching firequency AC current 
component in the output inductor is also similar firom no load to fidl load condition, so 
that at Ught load significant current is left circulating through power components like 
transistors, diodes, and filter capacitors, all with attendant significant power loss and 
reduced Ught load conversion efficiency and increased electricity costs; 6) they all 
modulate multiple switches at high firequencies, which leads to high average current 
requirements for control drcuitiy, especially with large semiconductor power devices 
like IGBTs MOSFETs. BJTs and MCTs. 

In another vein, three phase power has been the mainstay of electrical power 
distribution for nearly a century, with three wire (also known as 'delta') distribution 
being cx>mmon for most situations. 

Various methods are currently employed to regulate three phase power, 
including tap selection, magnetic synthesizers, ferroresonant transformers, inverters 
and the like. A circuit has been described by Mozdzer and Bose that is different from 
those listed above. 

Other known uses for power controllers are so called static VAR compensators, 
which effectively add or subtract inductance or capacitance firom a system, and also 
adaptive VAR compensators and 'dynamic voltage restorers". These known devices 
have shortcomings in delivering a variable capacitance or variable inductance to a 
system, as has been reported in the literature. 

AC power qiiality is best and electrical operating efficiency is greatest when the 
line current is sinusoidal in wave form and in phase with the Hne voltage. It is well 
known however that electrical elements such as reactive loads shift the line current in 
the mains out of phase with the line voltage. This phase shift is commonly defined in 
terms of "power factor", or more specifically, "displacement power factor*', where 
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displacement power factor (referred to hereafter for sake of simplicity as PF or as power 
factor) is given by the well known relationship: 

PF = co8e 

where 0 is the degree of phase shift "lead" (or "lag", as the case might be), also known 
6 as the phase angle, between the fundamental voltage and current. A perfect, or in- 
phase, relationship is equated to 1.0, while increasing degrees of phase shift are 
represented by power factors decreasing below unity. Power factor is also sometimes 
defined as the ratio of ''true" power (in watts) to apparent power (in volt^anqperes, or 
VA). 

10 Power factor is therefore a measxire of relative effidenpy of power transfer and 

^5 energy usage, and becomes more critical with the use of heavy draw machinery and the 
g=l like, such as motors. Topical induction motor power factors can range from very low at 
Cfi no load to aroxmd 0.85 to 0.90 C*perfect" is 1.00) at full load. Electric utility services 
typically add siircharges to customers with power factors below .90. In addition, power 
fisictor can be highly variable, depending as it does on the instantaneous total load on the 
power supply. Power factor correction C'PFC") then is therefore routinely applied to 

C'l compensate for bad power factor situations and, through better utilization of the 
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C| existing power distribution system, to reduce the need for capital intensive additions to 
Cp the power grid. Power factor correction is conventionally accomplished generally by 
having a series of capacitors across the line, and incrementally switching the various 
capacitors in and out with thyristoi*s or relays. 

Other conventional PFC techniques consist of a bridge of transistors that operate 
with a storage bank of capacitors or batteries (for example, see Wilkerson US Patent 
5,283,726). A major disadvantage of this conventional PFC technique is that the output 
25 switches always switch to and from the DC storage bank voltage, which is above the 
peak power line voltage. As a result, switching losses are qiiite high. 

Known automatic power factor correctors are bulky, slow and complex, and 
therefore only practical for large motors and groups of smaller motors. EJven then, if is 
only the "system average" PF that is corrected, and studies show that it is preferable to 
30 correct PF at the load, rather than at the system level For the above reasons, and other 
as will be appreciated by those skilled in the art. it is not practical to connect 
conventional PFC equipment at each Load (motor). This is significant in that 60% of the 
electrical energy produced at this time is consumed by electric motors of 5 HP or greater 
in size (fully 80% of industrial consumption of electricity is for motors). And this at a 
35 time when annual electricity production is valued in excess of $52 biUion! Any 



significant reduction in electrical consiimption by these motors and/or increase in their 
efficiency of consumption would result in huge doUar savings. 

In addition, other elements such as rectifying power supplies and SCR's, and 
other non-linear sources such as computers, switchmode power supplies, welders, 
5 inverters, controlled bridge rectifiers, fluorescent lights and other lights requiring a 
ballast, actually alter the sinusoidal waveform of the AC line current. These non-linear 
devices typically only draw current when the voltage is at its peak, thus causing the 
harmonic distortion. This is not how the power grid was designed to work. 

The resulting non-sinusoidal current produced by these nonlinear loads can be 
10 mathematically resolved into a 'fdndamentaT sine wave current at line firequenpy, with 

^% a number of harmonic waves at multiples of line frequency, with the fundamental 
Q producing the power in the load, while the so called ''harmonics'* only increase heat 
losses and decrease the system's power factor (that is, they generally lower the efficiency 

fll of the distribution system) with no net contribution to power in the load. EPRI 

m 

iD'^ (Electrical Power Research Institute) estimates predict that by the year 2010, 60% of all 
» electrical loads will be such nonlinear, solid state electronic loads, so that the majority 

of all future electrical loads will consist of unwanted harmonic generators. 
ill This is already even true for conventional PFC techniques that, in addition to 
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other noted disadvantages, also react themselves to exacerbate harmonic problems, 
^1 amplify circuit resonances, and even cause "ringing" on the mains when capacitors are 
switched. This ringing can cause Ttifllftinrtiinning and shutdowns in adjustable speed 
motor drives and other electronic equipment. 

As discussed above, each non-linear device produces its own distorted waveform 
composed of varying harmonic components. Each device allows current to pass during 
25 a portion of the voltage sine wave and blocks the flow of current during another portion 
of the sine wave. To make matters worse, phase controlled devices such as adjustable 
speed drives (SCR) generate harmonic currents with ampUtudes varying as a function 
of load change. In addition, the continued trend in government regulation appears to 
be towards increasing energy efficiency, and is eventually expected to mandate harmonic 
30 cleanup at the source. All of this suggests that power quality (PQ) issues are a major 

concern, and that there is a dear need for PFC and PQ techniques that more effidentfy 
use power without also generating harmonic distortion themselves. 

It has been suggested that the variety of power quality problems, now extant and 
steadily growing in magnitude and variety, are all actually summed within a power 
35 distribution system, producing effects such as: deterioration of electronic equipment 
performance, and continuous or sporadic computer and other microprocessor 
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malfunctions; tripping protection circuitry of adjustable speed drives; overheating of 
neutral in three phase systems, leading to neutral burnout; overheating and premature 
iiELilure of transformers, even when the transformer rating appears otherwise adequate; 
overheating of motors; nuisance trq>ping of circuit breakers; telephone interference; and 
PFC capacitor fuse blowing. 

In addition, the need for improved power regulation and/or power conversion is 
felt in other industries as well. For instance, in the motion picture «tiH entertainment 
industries, conventional light source dimming technologies produce an audible 60 Hz 
hmn in large studio lamps. The conventional technology generally applied is HiTnming 
by means of phase angle fired triacs, which limit the energy to the lamps by basically 
opening the circuit to the lamps for a given percentage of every Hqlf cycle (see example 
of resultant broken waveform in Figure 2). This scheme is relatively simple to 
implement, but is electrically very noisy, which leads to additional design problems and 
additional implementation costs. A means of smoothly and quietly dimming such lamps 
would be of great use. 

DISCLOSURE OF THE INVENTION 

Accordingly, it is an object of the invention to provide a power controller that is 
low in electrical and audible noise, apphcable to both low and high power applications, 
having high tolerance fi>r inductive loads, light in weight, digitally controllable, and fast 
in response time* 

It is a further object of the invention to provide a power converter having output 
power, efELcienpy, reliability and cost superior to known topologies. 

It is another object of the invention to provide a power converter with reduced 
total switching losses. 

It is another object of the invention to provide a power converter that during high 
current surge conditions and reactive currents is not subject to switdbi device failure due 
to voltage rise. 

It is a further object of the invention to provide a power converter adapted for 
four quadrant operation and bi-directional power flow, with respect to input and output 
voltage and current. 

It is another object of the invention to provide a converter/controller topology 
that addresses the disadvantages of conventional active PFC techniques. 

It is another object of the invention to provide a controller topology that can be 
xised as a continuously variable capacitive load. 



It is another object of the invention to provide a controller topology that can be 
used as a continuously variable inductive load. 

It is another object of the invention to provide a controller topology that can be 
used as a continuously variable resistive load. 

It is another object of the invention to provide a relatively inesqiensive, fast 
response, self-danqpening power fEictor corrector of size and bulk sufficiently small to be 
practical for the majority of motors in current and future use, and which does not 
contribute to line harmonic problems or problems of system resonance ringing 
caused by capacitor switching. 

It is another object of the invention to provide a power controller for assuring 
best power quality and greatest electrical operating efficiency by controlling an AC 
source to provide current and/or voltage outputs that are sinusoidal in waveform and 
in phase with each other. 

It is another object of the invention to provide a power controller for neutralizing 
line harmonics. 

It is another object of the invention to provide a power controller for successfully 
addressing any one or more of the following power quahty concerns: deterioration of 
electronic equipment performance, and continuous or sporadic computer and other 
microprocessor malfunctions; overheating and premature failure of transformers, even 
when the transformer rating appears otherwise adequate; overheating of motors; 
nuisance tripping of circuit breakers; telephone interference; and PFC capacitor fuse 
blowing. 

It is another object of the invention to provide voltage regulation or a power line 
conditioner to mitigate voltage swells and sags, and overvoltage and under voltage 
conditions. 

It is another object of the invention to provide a means of power regxilation 
(voltage and/or current) that has the characteristic of being low impedance source with 
respect to a load. 

It is another object of the invention to provide a means of controlling power on 
single or multiphase distribution systems, indudiag the majority of known power 
system frequencies, such as 50, 60 and 400 Hz. 

It is another object of the invention to provide a means of controlling a power 
converter which allows for nearly instantaneous regulation, among the benefits of which 
is that the device is non self destructive in overcurrent situations. 

It is a further object of the invention to provide a means of dimming lamps in 
such a way as to produce no audible hum. 



It is yet another object of the invention to provide a system meeting any one or 
a combination of all of the needs summarized above. 

These and such other objects of the invention as will become evident from the 
disclosure below are met by the invention disclosed herein. 

The invention addresses and provides such a system. The invention represents 
means to quickly, precisely, and remotely convert AC power with losses that are lower 
than conventionally available technology can provide. It also represents a compact, 
efficient, and low cost device for processing AC power, and that is simple and reliable 
and low in harmonic distortion; appUcable to both bw and high power applications, 
having high tolerance for reactive and bi-directional loads, hght in weight, digitally 
controllable, and fast in response time. 

Application of the invention to solutions to power quaUty problems, especially 
solutions requiring variable amplification, is especially beneficial in that the invention 
is the only system that efifectively provides fidl four quadrant operation in a single stage 
AC to AC power conversion device, particularly with respect to reactive loads, and which 
utilizes four independently controllable switches. 

The invention provides an electrical power controller (also sometimes referred 
to herein as a regulator or converter) apparatus or device for controlling or regulating 
an AC voltage or current to a load. The voltage may be in single or multiple phase (such 
as conventional three phase) configurations. The controller device has four 
independently controllable switches and at least one inductor for each ic^ut line (or 
phase) to be regulated, all in one of several otherwise conventional power regulator 
topologies, such as buck, boost inverted or isolated converter/regulators or duals of 
these topologies. A corresponding regulation or conversion scheme may thus be 
implemented depending upon the position of the inductor with respect to the switches 
and the input voltage, as will be appreciated by those skilled in the art. 

The controller also has a logic control block. The logic control block is comprised 
in part of a polarity detector preferably in parallel with the input voltage. The polarity 
detector preferably has two outputs, each of which is the reciprocal of the other 
(inverted with respect to each other), although this may be accomplished in a number 
of functionally equivalent ways, such as through use of one or more inverters, as will be 
appreciated by those skilled in the art. The logic control unit also has a duty cyde 
modulator with two reciprocal outputs. Each switdi is then separately modulated by 
these detector and modulator outputs under logical control so that some combination of 
one or more switches is always electrically conducting, or "closed". In other words, so 
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there is never a oombination of all four switches that is open, exoept of course when the 
device is not in operation (turned oft or out of the circuit). 

Each switch thus turns oflf only into the instantaneous line voltage (ILV), rather 
than switching to a storage bank voltage or DC raiL Since the ILV can be as low as zero, 
losses are thereby reduced to the extent the ILV is lower than a storage bank voltage 
or that of a DC rail Topically, this can save 36% or more in switching losses alone, even 
for resistive loads (with greater savings possible for reactive loads). 

A variation of this device has 4 OR gates fed by outputs firom the polarity 
detector and the duty cycle modulator through turn off and turn on delays, respectively, 
such that first and third OR gates each receive as a first input a first output from the 
polarity detector, and second and foxurth OR gates each receive as a first input a second 
output fix)m the polarity detector; and such that first and second OR gates receive as a 
2nd input a first output fi-om the duty cycle modulator, and third and fourth OR gates 
receive as a 2nd input a second output from the duty cycle modidator. The output from 
each OR gate controls or modulates or drives one switch or gate eack Preferably, the 
switch sources of each pair of switches are tied together, but do not have to be in some 
alternate embodiments. 

In preferred enabcxiiments of the controller device, at least one of, and preferably 
all of, the switches are electronically controllable, though alternate, non-electrical, 
implementations may occnur to those skilled in the art, including partially or fully 
manual control schemes, and control schemes iavolving conducted light optics, such as 
fiber optical control means. Preferably each switch is a solid state switching device, 
with a diode poled to have a sense opposite to the switch, in parallel across the source 
and drain of the switch, and the diodes of a pair of such switc^hes are opposite in sense 
to each other. The switches are preferably transistors, such as BJT (bipolar junction 
transistors), IGBT, or MOSFET transistors, or even thyristors such as MCT or GTO. 

One embodiment of the controller device has two switcdies in series with each 
other, though preferably poled in the opposite sense from each other, and connected with 
the inductor to one input, and two switches in series with each other, also preferably 
poled in the opposite sense from each other, and connected with the inductor to the 
return. In other words, wherein a first pair of switches is connected between the input 
and the inductor, and a second pair of switches is connected between the inductor and 
return. 

As employed in this disclosure, the term "poled in the opposite sense'* when 
referring to electronic devices that resist or obstruct the flow of cnirrent in one direction 
(usually under a set of defined conditions), but not in the other, means they are placed 
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80 that current flow is not blocked in the same direction in both devices; in other words, 
their '^poles" are oppositely arranged, as will be appreciated by those skilled in the art. 

In annthfir aspect of the invention, there is separately provided a logic controller 
for controlling the duty cycle of a power controller. The logic controller is particularly 
adapted for controlling a power controller device that has four independently controlled 
separate switdies. The logic controller has a polarity detector in parallel with the input 
voltage that has two outputs, and it has a duty cycle modulator that also has two 
outputs. Eachof the outpiits of the polarity detector and of the duty cycle m{^ 
inverted with respect to one another (reciprocal). The controller is employed in such a 
way that each of the four switches to be controlled is separately modulated so that some 
combination of one or more switches is always closed. Turn off or ttu*n on delays may 
optionally be employed. 

Preferred embodiments of the controller device employ four OR gates fed by 
outputs from the polarity detector and the duty cyde modulator through optional turn 
off and turn on delays, respectively, such that first and third OR gates each receive as 
a first input a first output firom the polarity detector, and second and fourth OR gates 
each receive as a first ixqput a second output firom the polarity detector; and such that 
first and second OR gates receive as a second ixspvA a first output firom the duty cyde 
modulator, and third and fourth OR gates receive as a second input a second output 
firom the duty cyde modulator. Output firom each OR gate modulates or drives one 
switch or gate each 

In another aspect of the invention, a controller diooses its Quadrant modes based 
upon input voltage and error circuit output. A positive input voltage determines that 
either Quadrant I or Quadrant II will be employed, while a negative ioput voltage 
detenmnes that either Quadrant III or Quadrant IV will be employed. The selection of 
Quadrant I vs. Quadrant II or Quadrant m vs. Quadrant IV is dependent upon the error 
circuitry. The error circuitry compares output voltage to the reference and determines 
both the required direction of current flow and the required iiTnniint: of modulation by 
way of the error anqpUtude output to Tnaintnin controller output regulation. Current can 
be in either direction for any particular Quadrant or transition without damaging the 
controller. 

This AC electronic power controller is implemented in three parts: 1) a voltage 
polarity detector senses the polarity of the input voltage and feeds the signal into the 
Control Logic section; 2) a control input signal is fed into a modulator section (such as 
a PWM) which converts the input signal into a modulated digital pulse train, which is 
in turn fed into the Control Logic section (this control iapMt may be fixed, varied and/or 
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sourced by either an external source or error amplifier or corrector of a such types as 
will be known to those skilled in the art); 3) the Control Logic then takes the polarity 
and control input signals and implements the control scheme tabularly summarized in 

Table 2. 

In preferred embodiments, step 2) above is further particularized in that a 
control ixq;>ut is fed to a programxoable reference which in turn produces a variable sine 
wave reference output (in phase with the input voltage) that is fed into an error 
correction circuit which compares the reference output to the converter output and 
provides a resulting signal to the modulator. The logic scheme may be implemented by 
any of a number of methods as will be appreciated by those skilled in the art, including 
microcontroller, PAL, or discrete logic. Output firom the Control Logic section is then 
fed into the level shift circuits, which in turn interfece the power switches. 

This preferred control scheme has a number of advantages over known and 
suggested control schemes when applied to the power controller of the invention. 

1. Since no more than one switch is in operation at high frequency in any 
given mode, critical timing between or among the various switches in 
controllers using other schemes is eliminated. 

2. There is no need for any kind of delay or dead time to be implemented 
during Mgh frequency switching operation, resulting in greater mflyiTnuTn 
duty pyde and/or smoother operation from 0% to 100% duly cycle. In 
addition, overload shutdown response is immediate (or at least 
substantial^ reduced), with no delays to step through before shutting 
down. 

3. The power controller may be operated discontinuously during no load and 
light load conditions, resulting in reduced duty cydie for these conditions, 
with benefidaUy reduced core loss in the output filter inductor. Light 
bad efiSdency is significantly improved, with decreased electricity costs. 

4. This same discontinuous operation capability also reduces the high 
frequency current component in the output filter inductor, in turn 
reducing the amount of recirculating current switched and conducted by 
the switches and diodes of the converter during light load operation* thus 
fiirther reducing power loss and further enhancing light load efficiency. 

6. Since no more than one switch is modiilated at any given time, average 

total switch drive power is greatly reduced. 
The invention also provides a variable inductor, a variable resistor and a variable 
capacitor. The variable capacitor of the invention can be made non-resonating, and 
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implementation of these devices appear as linear loads and therefore do not degrade the 
power factor of the system in which they are employed (Le., they are "transparent"). 
The variable capacitor is applicable to an automatic PFC system. These devices are 
novel with respect to known static VAR oon4)ensator8, adaptive VAR compensators and 
6 dynamic voltage restorers, and implemented as a combination t)f the power controller 
of invention and a capacitor connected across an output and a return of the controller 
whereby the oombiaation functions as a variable capacitor. The power controller of the 
invention may also be combined with an inductor ooimected across an output and a 
return of the controller whereby the combination of controller and inductor functions as 
10 a variable inductor. 

Q% The invention also provides several method aspects. In one embodiment, a low 

impedance method of power regulation or conversion is provided whereby an amplitude 

jjl of an input voltage waveform is varied linearly, without respect to its frequency, with 

ni or without changing its characteristic waveform, to produce a proportional output 
voltage to a load, employing only a single stage conversion (i.e., no intermediate DC 

~ voltage or current link). 

f II In a variation of this method, the above referred to voltage amplitude variation 

III is accomplished by variable duty cyde modulation switching of an input voltage through 
l»l an inductor in a manner otherwise consistent with conventional power regulation 
topology. 

A preferred method &r accomplishing the variable duty cyde modulation follows 
these steps: 1) sensing in real time a polarity of the iiqput voltage to derive a pair of 
polarity signals that are inverted with respect to each other; 2) varying the duty qyde 
of a modulator, in accordance with, and in proportion to the desired modification of the 

25 amplitude, the modulator having two outputs inverted with respect to each other, 3) 
feeding a polarity signal and a modulator output signal to an OR gate, where each signal 
has a duration, and the beginning of the duration of the duty qyde modulating output 
signal is delayed, and the end of the duration of the polarity signal is also delayed; 
4) using the OR gate logical output to control a switching device for the variable duty 

30 cycle modulation of the input voltage. These method steps 1 • 4 are then preferably 
iterated separately for each of four OR gates, and the step of variable duty cycle 
modulation switching of the inpyxt voltage indudes the step of modidating the switching 
during operation so that all of the switdies in the controller of the invention are not ever 
electrically non-conducting (or "open") at the same time (except when there is no power 

35 applied to the circuit). 
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Another aspect of the invention is a variable power factor corrector that has a 
capacitor in parallel with the load to be corrected on an AC line, and a line driven 
variable voltage output in series with the capacitor for varying the voltage to the 
capacitor, so as to vary the amoxmt of capadtanoe reflected through the power controller 
onto the AC line. In corresponding manner, a line driven variable voltage output is 
empbyed in ooqjunction with other ^propriate components to create variable resistors, 
tuned LC circuits, and variable inductors. 

Preferred embodiments of the power factor corrector have the variable voltage 
output implemented in an electrical power controller, regulator, or converter, for 
regulating an AC input voltage. Preferred embodiments of such a controller have two 
pairs of switches, for a total of four switches, and an inductor, and the pairs of switches 
and the inductor are preferably in one of several conventional power regulator topologies 
such as buck, boost, or iaverted (or some dual). The controller also has a logic controller 
as described above, so that each switch is separately modulated in such a way that some 
combination of one or more switches is always dosed, or in other words so there is never 
a combination of all four switches that is open. 

A preferred power factor corrector also has a current sensor in series with a load 
on the AC line. Both line voltage and current sense signals are fed into a phase delay 
detector that determines the phase delay between the AC line voltage and the load 
current. A power factor error an^lifier is empbyed that is fad by an output of the phase 
delay detector, and the amplifier feeds a signal to the power controller logic controller, 
to automatically maintain a selected power factor correction on the line. 

The power &ctor corrector may also advantageously employ a current sensor in 
series between the power oontroUer and the load, and a harmonic error amplifier fed by 
an output of the current sensor, so that the amplifier feeds a signal to the power 
oontroUer logic controller for auto resonance suppression, harmonic dampening and/or 
load current shaping. 

In a variation of the power factor corrector, a plurality of capacitors and a 
pluraUty of power controllers are employed for variable and automatic power factor 
correction in a multiphase AC system. In a three phase variation, a first power 
controller is preferably in parallel between a first AC line and a third AC line, and a 
second power controller in parallel between a second AC line and a third AC line. At the 
same time, a first capacitor is preferably connected between the output of the first 
power controller and the third AC line, a second capadtor is connected between the 
output of the second power controller and the third AC line, and a third capadtor is 



oonnected between the output of the first power controller and the output of the second 
power controller. 

Another variation of the power factor corrector employs a first power controller 
in parallel between a second AC line and a third AC line, with the power controller fed 
by a signal derived firom a first AC line. A second power controller is in parallel between 
the first AC line and the second AC line, with the power controller fed by a signal 
derived from the third AC line. A third power controller is in parallel between the first 
AC line and the third AC line, with the power controller Had by a signal derived firom the 
second AC line. 

Another method aspect of the invention provides for power factor correction by 
reflecting or introducing a continuously variable capadtanoe onto a power line to correct 
displacement power factor, where the capadtanoe is variable by means of a voltage firom 
the power line varied by a power control methodology. 

This method preferably employs a power control methodology based on variable 
duty cycle modulation with the following steps: 1) sensing in real time a polarity of the 
input voltage to derive a pair of polarity signals that are inverted with respect to each 
other; 2) varying the duty pyde of a modulator, in accordance with and in proportion to 
the desired modification of the ampUtude, the modulator having two outputs inverted 
with respect to each other, 3) feeding a polarity signal and a modulator output signal to 
an OR gate, where each signal has a duration, and the beginning of the duration of the 
duty Qrde modulating output signal is delayed, and the end of the duration of the 
polarity signal is also delayed; 4) using the OR gate logical output for the variable duty 
cyde modxilation of the input voltage. 

A variation of this method employs, before reflecting or introducing a variable 
capadtanoe onto a power line, these additional steps: 1) sensing in real time an 
amplitude of current on the power line; 2) detecting phase delay (such as by calculating 
phase delay of current relative to voltage) on the power line in coxqunction with the 
current sense; 3) amplifying an oiitput of the phase delay detection step; then 4) 
controlling a power factor correction power controller with the anqplified output firom 
step 3. 

Another variation of this method employs, before reflecting or introducing a 
variable capadtanoe onto a power line, these additional steps: 1) sensing in real time 
an amplitude of current on a line between the power controller and the power factor 
correction capadtor; 2) amplifying an output of the current sense step; 3) controlling a 
power factor correction power controller with the amplified output. 



The method of the invention in one aspect involves electronic power control by 
varying the ampHtude of an electrical power supply voltage, independent of frequency, 
whereby the output firequenpy will always be the same as the input firequenpy. An 
electrical circuit apparatxis for accomplishing this function in a preferred embodiment 
5 is also disclosed herein. The preferred circuitry of this aspect of the invention uses four 

solid state switches, such as IGBT*8, four diodes, an inductor, input and output filters 
and novel controlling circuitry. The controller apparatus and methods of the invention 
may be used to implement all otherwise conventional converter types, buck, boost, and 
inverting (and duals of these) versions to obtain difEsrent regulating characteristics, 
10 including galvanic isolation of the output firom the iiq;>ut. 

H The inventive methods and devices may be used in power factor correction, 

voltage and/or current harmonic filtering and neutralization, 1^ti<^ and load conditioning, 

Cf^ improving or changing impedance characteristics of electrical generators, control of 

Cii 

power transfer between two power grids, and programmable control of surges, sags, 
15C0 dropouts and most other voltage or power regulation problems. 

In another aspect of the invention, a method of power factor correction is 
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Q disclosed enqploying essentially the same control circuitry in a different appUcation. In 
P essence, a method as disclosed above, preferably employing the control drcuitiy referred 
Q% to above, is used to dynamically control the voltage to (and therefore the reflected 
20|.g 3 capadtanoe of) a single large capacitor (or several if one large enough is not available) 
that is continuously adjustable with vastly fewer parts than previously thought possible, 
and all at correction speeds of under 1 second. The circuit can interface between the 
power line and a PFC capacitor, and/or reactor. As the duty cycle D is varied, the 
reflected capacitance onto the power line is: 

Thus, the capacitor can be continuously controlled between 0 and its given value, and 
the corrective load presented to the power line can be continuously controlled between 
0 and unity times the corrective load in direct a>nnection to the 1^ If the power factor, 
or the phase delay, is measured, and fed into an appropriate error amplifier, such as will 
30 occur to those skilled in the art, then the control drcuitiy will automatically correct 
power factor, even approaching unity, with response time on the order of 0. 1 seconds. 
No other method uses reflected capacitance via a variably controlled voltage source to 
achieve PFC. 

The apparatus and method of the invention has no DC storage bank, unlike 
35 known converter and PFC correction devices, and only one device is actually conducting 

output current at any given moment. Furthermore, the turn off voltage varies with the 
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instantaneous line voltage* and (for reactive loads) is at a maximiun when output 
current is at a minimuni. Thus, switching losses are dramatically lower than existing 
methods, and the power factor corrector disclosed has greater output capabiHty and 
efficiency, and smaller size than known PFC methods. 

The disclosed PFC method and apparatus can also be configured for three phase 
PFC for balanced loads by employing two units and three PFC capacitors. In another 
application, since the invention can vary reactive loads and impedances, it may also be 
used as a whole or part of a tunable circuit for mitigation of power Ii^q harmonic 
currents, with either manual or automatic tuning of the filter. 

Yet anoth er extension of the invention includes a relatively fisist (several kilohertz 
or more) loop which is closed around either system (motor and PFC) current or device 
(invention) output (capacitor) current. The control circuitry can be made to reject and 
to some degree correct existing harmonic currents that arise from resonances in such 
systems. Power line harmonic currents are a widely recognized problem in electrical 
distribution systems. 

This has great advantage over the common PFC technique where several 
different capacitors are switched in and out with thyristors or relays. The apparatus of 
the invention is simpler, smaller, cheaper, and more accurate, and more reliable. It also 
eliminates the system resonances associated with PFC capacitors. 

This circuit has the advantege that each switch turns off only into the 
instentaneous input voltage. The voltage is danqped to that value by an appropriate 
freewheeling diode, as will be appreciated by those skilled in the art. In a nominal 240 
VAC system, average turn off vokage in the circuit of the invention is about 220V, 
compared to existing systems, such as those employing a DC rail, where a damp value 
might be as mudias 600V, causing more than double the switdiing loss over the device 
of the invention. Thus the invention reduces switching losses to less than half of that 
common in known circuits, and with no damp dissipation at alL A circuit with a 
snubber would require a csgpadtor so large that the snubber dissipation alone would be 
several times the total switdiing loss of the inventive device. The device of the 
invention reduces totel switching losses dramatically over known devices, and this is 
particularly true while driving reactive loads, where peak line voltege and current are 
not in phase with each other. This phase separation normally leads to even higher 
losses in conventional devices. But since, as discussed above, switching loss is 
proportional to the product of frequenpy and voltage, this phase difference resulte in 
decreased switching losses in devices embodying the invention. 
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Further advantages are that reduced peak voltage results in lower EMI/RFI 
conducted to input and output; while reduced switching losses allow higher switching 
frequencies, saving size and weight in input and output filters. Another advantage is 
that any of several power device types may be successfully employed in the circuit, 
including bipolar. MOSFET, IGBT, GTO, and MCT devices. Topologies like those 
disclosed by others (Peterson, for example) are not so versatile. Because all four 
switches in devices embodying the invention are on briefly at zero crossing of the voltage 
waveform, the current can flow in either direction during that transition without 
initiating a high voltage spike on the switches during that period. The resulting circuit 
is quieter, smaller, more efficient, and more reliable than existing treatments. It can 
handle voltage and current in either direction for true four quadrant operation and true 
bi-directional enei^ flow, with the small premium in extra control circuitry more than 
ofiset by savings in switch cost« heat sink size and weight, and mechanical size. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure / is a schematic of a known simple buck regulator. 
Figure 2. is a graphic representation of a voltage waveform output from a phase 
angle fired triac. 

Figure ? is a graphic representation of an amplitude modulated sinusoidal 
voltage waveform output from devices embodying the invention. 

Figure I/, is a schematic of one embodiment of the power controller of the 
invention. 

Figure 5" is a block diagram and partial schematic of one embodiment of the 
power controller of the invention. 

Figure 6 is a set a - d of schematic and partial block diagrams of alternate 
embodiments of the power controller of the invention. 

Figure 7 is a set a - d of block diagrams and partial schematics of alternate dual 
topologies. 

Figure B. is a switch timing diagram for operation of the circuit of Figure 4. 

Figure ? is a block diagram and partial schematic of an alternate embodiment 
of the power controller of the invention. 

Figure /O is a block diagram of an autovariable power factor corrector. 

Figure // is a schematic and partial block diagram of a three phase power factor 
controller of the invention. 

Figure JJL is a schematic and partial block diagram of an alternate method of 
power factor correction with soft start current limits. 
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Figure /J is a schematic and partial block diagram of an adjustable capacitor of 
the invention. 

Figure is a schematic and partial block diagram of an adjustable inductor of 

the invention. 

Figure /^is a schematic and partial block diagram of an adjustable harmonic 
rejecter of the invention. 

Figure/^ is a schematic and partial block diagram of an adjustable resistor of the 
invention. 

Figure 17 is a schematic and partial block diagram of an AC power conditioner 

of the invention. 

Figure/^ is a schematic and partial block diagram of an isolated output AC 
power conditioner of the invention. 

Figure If is a schematic and partial block diagram of a liigh voltage input AC 
power conditioner of the invention. 

Figure :i<? is a schematic and partial block diagram of an AC hybrid power 
conditioner of the invention. 

Figure Zl is a schematic and partial block diagram of a hybrid isolated AC power 
conditioner of the invention. 

Figure 22.is a schematic and partial block diagram of an AC voltage regulator of 
the invention. 

Figure is a schematic and partial block diagram of an isolated AC voltage 
regulator of the invention. 

Figure av is a schematic and partial block diagram of an adjustable parallel 
harmonic filter of the invention. 

Figure 3r is a schematic and partial block diagram of an adjustable series 
harmonic rejector of the invention. 

Figure 26 is a set a • e of printouts of oscilloscope readix^s during a test on a 
prototype PF corrector of the invention 

Figure "Xl is a spreadsheet of comparative data on SCR performance vs. an 
invention prototype power controller. 

Figure is a graph of relative efficiencies of conventional power control devices 
compared to the power controller of the invention 

Figure 29 is a graph of relative harmonics and power factor (for resistive loads) 
of conventional power control devices compared to the power controller of the invention. 

Figure 30 is a block diagram of a preferred embodiment of a power controller of 
the invention. 
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Figiure 31 is a partial schematic and bbck diagram of a preferred three phase 
delta power conditioner of the invention. 

Figure 32 is an alternate block diagram of a preferred embodiment of a power 
controller of the invention. 

Figure 33 is a partial schematic and block diagram of a preferred embodiment 
of a high voltage power controller of the invention. 

Figure 34 is an alternate partial schematic and block diagram of a preferred 
embodiment of a high voltage power controller of the invention. 

Figure 35 is a partial schematic and block diagram of a preferred three phase 
delta high voltage power conditioner of the inventioiL 

BEST MODE OF CARRYING OUT THE INVENTION 
Turning now to the drawings, the invention will be described in a preferred 
embodiment by reference to the numerals of the drawing figures wherein like numbers 
indicate like parts. 

Figure 1 is a conventional configuration of known buck regulator topology, 
included here as a point of reference. Convention buck regulator 10 has a first 
switch 11, a second switch 12, input filter capacitor 13, output filter capacitor 14, 
inductor 15. input 16, output 17, and return 18. Switches 11 and 12 alternately dose 
and open (are modulated), so that in conjimction with inductor 15, in well known 
fashion, voltage at output 17 may be stepped down from the voltage at input 16 in 
proportion to the duty pycle modulation of the switches. 

Figure 2 is a graphic representation of the broken waveform output fi*om a phase 
angle fired triap, to be compared with Figure 3 which is a graphic representation of an 
output voltage waveform having its ampUtude varied over time by the power controller 
of the invention, without interruption of the waveform or change to the firequency. 
Figure 2 is typical of phase controlled variable output voltage^ in that step down of an 
instantaneous average voltage at output is achieved by cutting off a part of the 
waveform. This process results in many of the power regulation ills described elsewhere 
herein 

Figure 4 shows an electrical circuit for use in a preferred embodiment of the 
controller (sometimes also referred to herein as a converter or power converter) 
apparatus of the invention The preferred circuitry of this aspect of the invention uses 
four IGBT solid state switches, four diodes, an inductor, input and output filters and 
novel controlling drcuitiy. The control circuitry is generally laid out in functional blocks 
in accordance with Figure 5. The controller apparatus and methods of the invention 
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may be used to implement all otherwise conventional converter types, including buck, 
boost, inverting, and flyback versions, as illustrated in Figure 6a*d, and duals of these 
topologies, as shown in Figure 7. 

A preferred circuit for controlling power to reactive, resistive, or non-linear loads 
in accordance with Figs. 5 or 4 would be comprised of at least four separately controlled 
unidirectional switches that are all modulated differently according to the polarity of the 
line voltage according to a logic "box** so that some combination of the four switches is 
always on no matter what the polarity is, mnhiiimg the "zero cross" point of polarity 
change on the input voltage waveform. A preferred zneans of control in the "box" 
consists of a polarity detector, a modulator (preferably a pulse width modulator), and 
control logic. 

Those skilled in the art will appreciate that the modulator may use any of several 
known methods, including fixed and variable firequency, and voltage and current mode, 
and can be implemented in one or more in a variety of ways, including use of one or 
more microcontrollers. Any of a number of algorithms can be employed to provide 
constant, varying, or programmable ou^ut (in terms of RMS, average and peak voltage 
and/or current) to control the modulator. The modulator preferably provides a high 
frequency (>10 KEfa) logic output of between 0% and 100% duty cycle. An additional 
output of opposite or reciprocal polarity is also preferably provided. 

During the "zero crossing" of the line voltage (ie., when mpnt voltage is in 
transition firom one polarity to another), all switches are tiumed on simultaneously for 
a short period of time (it is contemplated that this will be on the order of a few 
microseconds in preferred embodiments) to allow continuous current to flow in the 
output, as may be necessary. Thus, current can flow in either direction during the zero 
crossing transition without initiating a high voltage spike on the switches at that time. 
During this time, the iiqput and output of the circuit are efGsctively short circuited by the 
simultaneous conduction of the £3ur swilxdies. However, the transition is chosen to occur 
at a point where the instantaneous iqput voltage is low enough (near the "zero" crossing 
• ic, in the range of 4/- 4V, or less, depending on the power 8witc:he8 used) that little or 
no cmrrent is drawn firom the input source. 

Then each time the polarity has cycled, operation returns to that previously 
described. Thus there are four operational stages per line cyde: Positive polarity, 
polarity transition (zero cross), negative polarity, and polarity transition (zero cross). 
As the switches in preferred circuits are likely to operate at high and varjdng voltages, 
the control logic also includes level shifting as needed to interface with the switches. 
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The power controller 100 of the invention can best be appreciated in detail 
throng a description of its basic schematic building blocks, as illustrated in a preferred 
circuit embodiment in Figure 4. Input block 110 includes jumper JPl through which 
power is applied to controller 100. JPl-2 is connected to a power return bus (as is line 
2 of output connector JP2-2) and this bus is separate from chassis groimd (JPl-3 and 
JP2-3). The common power return bus enables controller 100 to be portrayed (at least 
for puiposes of block diagram form, such as for example Figure 10) as a three terminal 
component. Iiqput current HmitiTig for catastrophic failure is provided by fiise F2. 

Loput filter 120 includes capacitors C14 - C18, inductors L3 and L4, and resistor 
RIO. This is a multistage filter which keeps high frequency switching noise out of the 
input line, reducing conducted EMI/RFI, as will be appreciated by those skilled in the 
art. RIO provides damping for the filter to reduce ringing. R26 is a bleeder resistor to 
remove stored charge from the input filter after power disconnection. 

Power stage 130a-b consists of switches Ql - Q4 and diodes Dl - D4. The 
switches are preferably implemented as IGBT type transistors, though they may also 
be any of several other types, as detailed elsewhere herein. Each of the four IGBT 
switches Ql - Q4 is separately controlled, though they form in combination a unique 
arrangement that» in conjunction with control circuitry disclosed herein, provides four 
quadrant operation (see discussion infra) and low switching losses. 

In preferred embodiments, the four switches Ql - Q4 are paired, and each pair 
Q1-Q2 and Q3-Q4 have their sources tied together, and each of the switches in a pair 
are poled in the opposite sense to each other. 

Output overcurrent protection is accomplished on a cycle by cyde basis via 
current transformers Tl and T2. Gurrent sense information is rectified by diodes D9 
and DIO, and fed into sense resistors R27 - R29 (block 130b), and then compared in the 
current limit pin Ul-9 of modulator IG Ul (see infra). Switch Q6 and resistors R30 and 
R31 (block 130b) provide slope compensation to the current sense circuit in order to 
provide more stable operation under a variety of duty cycles. Diodes D5 • D8 are used 
to limit transformer Tl, T2 leakage reactance voltage spikes on switches Ql, Q2 during 
turn off. 

Output filter 140 provides output averaging and filtering through inductors LI, 
L2 and capacitors Cl2, C13. Ll and G12 average the modulated power stage output into 
an i n stan t aneous DC value (which varies over time, proportionate to input voltage and 
to duty cycle). L2 and Gl3 further filter out the high fi-equenpy switching waveform 
components from the output. Resistor Rll bleeds off charge from capacitors Gl2, Cl3 
upon removal of input voltage. 
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Output block 150 includes output coimector (jumper) JP-2, having output high 
side JP2«1 and power return JP2-2 (which as disclosed above is common with JP1«2). 
Long term output overcurrent protection is provided by fuse Fl, while instantaneous 
limiting is provided for internally as previously discussed. 

Polarity detector 160 serves to detect line polarity via comparator USA and its 
associated dicuitry. Input voltage is sensed through resistor R25 and clamped via diode 
D16 and switch Q6 to keep the signal within the common mode ixg;>ut range of 
comparator USA. USA detects voltage and provides a small amount of hysteresis (about 
IV) to prevent spurious operation in a noisy environment. Some filtering is also 
provided via capacitors 027, 028 for the same purpose. 

Modulator 170 includes 10 Ul which provides for modulation in this embodiment 
of controller 100, using pulse width modulation as its particular method. However, 
those skilled in the art will appreciate that a number of other conventional controllers 
and other modulation types may also be employed as desired. 

Modulator Ul is an off-the-shelf part used as a modulator/regulator for 
conventional switching power supplies, and its operation here is likewise conventional. 
Timing components R21, R33, and 030 are used to set operating firequency in the 20KHz 
to 40KHz range. Duty cycle is varied via resistor R32, which is connected to the soft 
start pin Ul-8. There is no regulation loop shown in this particular circuit embodiment, 
although output voltage and current may be regulated in a variety of ways, including 
average, instantaneous, RMS, harmonic reduction and/or neutralization, power factor 
correction, and the like, all as discussed elsewhere herein. Modulator output is taken 
firom Ul-11 (normal and Ul-14 (inverted). 

Level shifting may be accomplished by means of a variety of conventional 
methods involving transformers, optocouplers, and the like. In the preferred circuit 
shown in Figure 4, the task is accomplished with a readily available integrated circuit 
(10). This 10 provides an optocoupler and high current driver for interfiadng with the 
gate of a MOSFET or IGBT device. Electrical power at the gate is provided via an 
isolated transformer winding with rectifier and filter, although a number of equivalent 
methods may be alternately employed by those skilled in the art. 

Level shifting block ISO receives output signals firom the logic circuitry (q.v., 
infraX which are then shifted in voltage level to drive switches Q 1 • Q4 via lOs U2 • U5. 
respectively. U2 - U5 are stock components that include an optocoupler input and high 
current MOSFET driver output. They operate from small power supplies VH and VL 
which are IBVDO floating power sources, the conventional derivation of which will 
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readily occur to those skilled in the art. In this case, small linear power 8iq)plies are 
used but are not shown in the schematic for sake of clarity. 

Each transistor gate has a series resistor 0^1 - R4) to limit ringing and to control 
rise and fall times during switching transitions. Each transistor also has a bleeder 
resistor from gate to source to insure that all devices are in the.non*oonducting or "ofP' 
state in the event that VH or VL are lost. Current ixito each optoooiq;>ler ixiput is limited 
by a 1.21K resistor (R12 - RlS) to about 7mA per the TC4804 specification, with a smaU 
capacitor (C19 • C22) in parallel to speed up the response time. 

Control bgic block 190 includes IC devices U7A. U7B and U6A-D. Operation of 
control bgic block 190 may best be understood from discussion of its three basic modes 
of operation. In all modes, control logic 190 takes three iisput signal ^es (normal 
modulated output • from Ul-11, inverted modulated output - from Ul-14, and polarity 
detect - from U8A-1) and translates them into four individual transistor drive outputs, 
which in turn control Ql -Q4. It is th\isusefrd to discuss the invention in terms of three 
modes, corresponding as they do to the three types of input signals received by the 
control logic unit. This does not negate however the earlier discussion based on four 
operational stages, corresponding to the £Dur parts of a voltage waveform as it moves 
in time. For each of the three basic operating modes there are two conditions 
(discussion of which also sets forth the essence of the full foiur quadrant operation of the 
apparatus and method of the inventioiO. 

First mode is positive polarity of input voltage. During positive input polarity, 
U8A will be low, holding inverters U7B (output) high and U7A (output) low. With U7B 
high, both OR gates U6B and U6D will be high, turning on Q2 via U3 and Q4 via U5. 
With U7A bw, U6A is controlled by the modulator output from Ul-11. A turn on deby 
(rising edge) is provided by RlS and C23. Turn off is not debyed because diode D14 
bypasses RlS on the falling edge. U6A in turn controb Ql vb U2. 

At the same time, U7A low allows U6C to be controlled by the inverted 
modubtor output Ul-14. It contains a similar turn on deby circuit comprbed of R19. 
C24 and D13. Both deby times are the same and are suffident to prevent Ql and Q3 
from conducting simultaneously during operation. U6C controb Q3 vb U4. 

The two conditions of operatbn for positive polarity are 1) positive output 
current^ and 2) negative output current. During positive output currentt LI current b 
souroed through Ql and D2 during the Ql "on" (conducting) state. When Ql is turned 
oS, LI current freewheeb through Q4 and D3. Q3 b turned on (after deby) during the 
time that Ql b oflC but no current flows through it due to its polarity; the current passes 
through D3 instead. 
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IhiriBg negative output current, LI current is controlled by Q3, passing through 
Q3 and D4. When Q3 is turned oS, LI current freewheels through Q2 and Dl back to 
the ix^ut. Ql is turned on during that time, but no current flows through it due to its 
polaritjr; current passes through Dl instead. 

The second mode is negative polarity of input voltage. -During negative iiqput 
polarity, USA will be high, holding inverters U7B (output) bw and U7A (output) high. 
With U7A high, both OR gates UGAand U6C will be high, turning on Ql via U2 and Q3 
via U4. With U7B bw, U6B is oontroUed by the modulator output firom Ul-11. A turn 
on delay (rising edge) is provided by R18 and C23. Turn off is not delayed because diode 
D14 bypasses R18 on the falling edge. U6B in turn controls Q2 via U3. 

At the same time, U7B bw allows U6D to be controlled by the inverted 
modulator output Ul-14. It contains a similar turn on delay circuit 192 comprised of 
R19. C24 and D13. Both delay times are the same and are sufi^ent to prevent Q2 and 
Q4 from conducting simultaneously during operation. U6D controls Q4 via U5. 

The two conditions of operation for negative polarity are 1) negative output 
current, and 2) positive output current. During negative output current, Ll current is 
controlled through Q2 and Dl during the Q2 "on" state. When Q2 is turned ofi Ll 
current freewheels through Q3 and D4. Q4 is turned on (after delay) during the time 
that Q2 is off, but no current flows through it due to its polarity; the current passes 
through D4 instead. 

During positive output current, Ll current is controlled by Q4, passing through 
Q4andD3. When Q4 is turned ofi^ Ll current freewheels through Ql and D2 back from 
the ii^ut. Q2 is turned on during that time, but no current flows through it due to its 
polarity; current passes through D2 instead. 

The third mode is polarity transition, with the two conditions being positive 
transitbn and negative transition. During positive transition (from negative polarity 
to positive polarity), Q2 and Q4 are turned on at transition according to the previously 
described comparator and logic states. Ql and Q3 had been turned on during negative 
polarity, as escplained above, and do not now turn oft immediately at this transition 
because of a delay circuit formed by resistor R16 and capacitor C26. Diode Dll prevents 
any turn on delay during this transitbn. 

During negative transition (from positive polarity to negative polarity), Ql and 
Q3 are turned on at transition according to the previously described comparator and 
logic states. Q2 and Q4 had been turned on during positive polarity* as explained above, 
and do not now turn off inunediately at this transition because of a delay circuit formed 
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by resistor R17 and capacitor C26. Diode D12 prevents axiy turn on delay during this 
transition. 

In some preferred embodiments the turn on delay is comprised of a circuit 
wherein a high input transition creates a high output transition after some 
6 predetermined delay, and a low input transition results in an inmiediate (JLe., TninimnTn 

delay) low output transition. This is all preferably accomplished with a diode, resistor 
and capacitor combination, such that on a low-to-high transition, the capacitor is 
charged high through the resistor, taking an amount of time to reach the logic threshold 
voltage of the OR gate being driven, thus providing a delay, the amount of which may 
10 be selected through selection of the values of the diode, resistor and capacitor referred 
s'^^ to above, as will be appreciated by those skilled in the art. Then, on a high-to-low 
f\ transition, the resistor is bypassed by the diode creating a low inqpedanoe discharge path 
£f 5 to greatly increase the discharge rate of the capacitor. The capacitor voltage is thus 
lowered in minimum time, and the logic transition thus occurs with miniTmiTn delay. 
15 U) Inprefisrred embodiments the turn off delay is comprised of a circuit wherein a 

^ low input transition creates a low output transition affcer some predetermined delay, and 
a high input transition residts in an immediate (ie, mim'miiTn delay) high output 
f »l transition. This is also all preferably accomplished with a diode, resistor and capacitor 
combination, such that on a high-to-low transition, the capacitor is discharged low 
20 through the resistor, taking an awimiTit. of time to reach the bgic threshold voltage of the 

OR gate being driven, thus providing a delay, the amount of which also may be selected 
through selection of the values of the diode, resistor and capacitor re£Brred to above. 
Then, on a low-to-high transition, the resistor is bypassed by the diode creating a low 
impedance charge path to greatly increase the charge rate of the capacitor. The 
25 capacitor voltage is thus raised in minimum time, and the logic transition thus occurs 
with minimum delay. For either or both of the turn ofif and turn on delay methods 
disclosed, a number of alternate methodologies may be used to create the respective 
delays, such as use of monostable multivibrators, counters, microcontrollers, and the 
like, aU as will be appreciated by those skilled in the art. 
30 As a result of this logic; for either positive or negative transition, the input 

voltage and output voltage are momentarily clamped and axe likewise momentarily 
effectively short circuited to the input/output return and to each other. However, 
though this runs contrary to conventional thinking, the transition logic events described 
above all occur at a point in the input voltage waveform where the absolute value of the 
35 instantaneous ixxpnt voltage is actually less than the total semiconductor voltage drops 
between the input voltage and the ix^ut/output voltage return (JLe., less than about foiur 
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volts in the circuit illvistrated). For this reason, no excessive current inputs are drawn 
during transition. Output voltage is held at a minimum voltage, proportionate to the 
input voltage, as it should be. LI current fireewheels appropriately, and no excessive 
voltage spikes occur on either the input, the output, or across any of the transistors or 
diodes in power stage 130. 

After turn off delay, transition is ooxiq)lete, and operation returns to either 
positive or negative polarity mode, as appropriate, and as discussed above. Overall 
control logic and operation of controller 100 is therefore fiilly defined, logically controlled 
at all times, and smooth in transition for all modes and conditions. 

In the circuit illustrated in Figiu« 4, preferred component values and/or part 
typ^ are given in the table below. This list, in coiQunction with the schematic and other 
disclosure herein, will enable the technician or other skilled artisan to construct the 
circuit disclosed. This list, with such differences as will be appreciated by those skilled 
in the art also illustrates componentry of other topologies and embodiments disclosed 
herein. 



Drawing Numerals 



Part Type 



01 -08 
R30 

R12 - R15 
D11.D15 



.lUF 

LOOK 

1.21K 

1N4448 

2N3906 

2N7000 

2UF 400V 

4.99K 

5.1 low 
5UF400V 

6.2 IK 
10.0 
lO.OK 
lOK 
20K 
26A 
30UH 
47PF 
50UH 
82K2W 
90.9K 
lOOK 
lOOPF 
lOOUF 
220PF 
240UH 
463K 
4700PF 
OD4049UB 
CD4071B 
HER105 
HER305 
HFA26BP60 
INPUT 



Q5 
06 



CIS • 015 
R5-R9 

RIO 

012. 016 - 018 
R31 

Rl - R4, R27 - R29 
R16 - R21 



R32 
R33 



Fl. F2 



L4 

027 



L2. L3 

Rll. R25, R26 



R22 
R24 



019 - 026 
09 . Oil 
028, 029 



LI 
R23 
O30 
U7 
U6 



D9, DIO 
D5-D8 
Dl .D4 
JPl 



9« 



JP2 
Tl. T2 
U2-U6 
Ul 




IRGPC50U 

LM393A 

OUTPUT 

PE51687 

TC4804 

UC3824 



The fimcdoxial blocks discussed above with reference to Figure 4 can be fiirther 



understood now by reference to Figure 6. Power controller 100 (also sometimes referred 
to herein as a converter) has four OR gates 181 - 184 in logic control unit 190 fed by 
outputs firom polarity detector 160 and duty cyde modulator 170 through turn off delays 
194, 196 and turn on delays 192, 193 such that OR gates 181, 183 each receive as a first 
input an output firom the polarity detector 160 (inverted) through delay 194, and OR 
gates 182, 184 each receive as a first ii^ut an output firom the polarity detector 160 
through delay 195. OR gates 181, 182 each receive as a second input an output firom the 
duty cyde modulator 170 through delay 192, and OR gates 183, 184 each receive as a 
second input an output firom the duty cyde modulator 170 through delay 193. The 
output firom each OR gate, through appropriate level shifting in level shift block 180, 
controls or drives one of four switdies Ql - Q4 in power stage 130 (through its respective 
gate) each. 

Preferably, the switch soiu^ces of each pair of switches are tied together, as 
illustrated in this drawing figure, but do not have to be in some alternate embodiments, 
sudi as that shown in Figure 9. Preferably, each switch is a soUd state switching device, 
with a diode, poled to have a sense opposite to the switch, in parallel across the source 
and drain of the switch, and with the diodes of a pair of such switches opposite in sense 
to each other, as illustrated. The switches are preferably transistors, such as the IGBT 
transistors illustrated for Ql - Q4. 

This embodiment of controller 100 has a buck regulator type of topology, but has 
two switches in series with each other, preferably poled in the opposite sense firom each 
other, and connected with inductor Ll to input 110, and two switches in series with each 
other, also preferably poled in the opposite sense firom each other, and connected with 
inductor Ll to return 101, 

The buck regulator general form of controller 100 in Figtire 5, can better be seen 
in Figure 6a, along with other conventional regulator type configurations for controller 
100. Figure 6b shows controller 100 in step-up or boost configuration. Figure 6c shows 
controller 100 in inverting regulator configuration. Figure 6d shows controller 100 in 
isolated or flyback configuration. 
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As a further illuBtxation of the versatiHty of the invention, and its potential for 
replacing conventional topologies without their disadvantages. Figure 7 shows the 
corresponding "dual" transforms for each of the four topologies shown in Figure 6. 
Figure 7a shows controller 100 in step-down or buck dual configuration Figure 7b 
shows controller 100 in step-up or boost dual configiuation. Figure 7c shows controller 
100 in inverting regulator dual configuration. Figure 7d shows controller 100 in isolated 
inverting dual configuration. 

The restilting output controller 100 voltage under any ixq>ut voltage mode or 
output current condition is equal to the product of the ixiput voltage and the modulator 
duty cycle, as more fully discussed elsewhere herein. Slight deviations do exist, due to 
turn on delay times and semiconductor and resistive voltage drops, as will be 
appreciated by those skilled in the art, but the overall waveform purity is excellent in 
the disclosed drcuit, especially at higher voltages (such as 230VAC and up). 

The controller or converter apparatus and method of the invention is envisioned 
for use in a wide range of applications via a range of alternate topologies disclosed 
herein For inatanne, it is envisioned that control modules comprising the apparatvis or 
methodobgy of the invention can be made for mnmial usage, power factor correction and 
automatic power feictor correction, as a universal Une conditioner, a motor economizer, 
and as a harmonic neutralizer. Other uses such as industrial process controls can be 
accessed via standard industrial interfaces such as the 4-20mA current loop, and any 
one of a number of other standard control interfaces, such as RS232, RS486» IEBE488.2, 
VXI, 0-lOV, 0-5V, 47-lOV, 4/.6V, and manual. Power converters envisioned can be naade 
for use in a wide range of operating voltages and currents, from for instance 120VAC, 
1.6KVA to 600VAC, 200KVA; and even beyond this range, higher amperages can be 
accommodated by paralleling two or more of the converter modules of the invention, and 
higher voltages and currents may be controlled via a controller/transformer hybrid. 

In a preferred method of the invention, with all four preferably transistor 
switches separately controlled, and modulated differently according to the polarity of 
the input voltage, a sequence can be implemented whereby each switch turns off only 
into the instantaneoiis line input voltage, as graphically represented in the timing 
diagram of Figure 8. In Figure 8, an idealized line voltage is shown schematically as a 
sine wave with representative cross over points 901, 902, 903 (the points where the 
waveform line crosses the "zero crossing'* line, emphasized by vertical dashed lines, and 
corresponding to the point in time where the waveform shifts firom one polarity to the 
other). A pulse width modulation (PWM) signal 920, capable of ranging between 0% and 
100% (and here illustrated at about 60%), and its "anti-modulated" reciprocal 921, are 



fed into a logic network, such as has been described herein, along with the output from 
a line polarity detector. 

When line voltage (polarity) is positive (time duration 910), switch Ql is pulse 
width modulated (on and ofiD. each "on" time 911 sUghtly delayed relative to the 
corresponding rising edge 912 of the PWM, and in like manner, Q3 is anti-modulated 
(Le. the opposite state of Ql, or in other words, when Ql is on, Q3 is o£t^ and vice-versa). 
A small delay or dead time 913 is added for each turn-on of each switch (emphasized 
with dotted lines) to avoid simultaneous conduction, where the amount of time will 
depend on the characteristics of the particular switch employed, all as will be 
appreciated by those skilled in the art. Q2 and Q4 remain on 916, 916 at all times 
during this positive polarity operational phase. 

When line voltage polarity is negative (time duration 930), Q2 is pulse width 
modulated and Q4 is anti-modulated (ie. the opposite state of Q2). Again, a small delay 
913 Opresent, but not eniphasized with dotted lines) or dead time is added for the turn- 
on of each switch to avoid simultaneous conduction, and Q 1 and Q3 remain on 935, 936 
at all times during this negative polarity operational phase. 

At crossover 902, 903, Q3 turn o£F delay 941 and Q4 turn off delay 942 
(emphasized with dotted lines) assure that at least one switch (preferably all switches, 
as here illustrated) remains on, or conductiag. Preferably, all switches are turned on 
simultaneously at this zero cross for a short period of time (on the order of a few 
microseoonds) to aUow continuous current to flow in either direction during zero crossing 
transition without initiating voltage spikes on any of the switches at that time, as more 
fully disdosed elsewhere herein. This may be all be summarized in Table 1. 
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SWITCH 


STATES 




POLARITY 


Ql 


Q2 


Q3 


Q4 


POSITIVE 


MODULATE 


ON 




ON 


NEGATIVE 


ON 


MODULATE 


ON 


MODULATE 


TRANSITION 


ON 


ON 


ON 


ON 


Note: 


•MODULATE- 


UoppoaiUef 


•MODULATE" 





In Figure 30, an alternate control logic for logic section 190, with additional 
control input 210 to modulator 170, is implemented as simunarized in Table 2. 



Table 2 



Mode 


Voltage 


(2unent 


Qi 


Q2 


Q3 


Q4 


Quadrant I 


+ 


+ 


mod 


on 


off 


on 


Quadrant II 


+ 




off 


on 


mod 


on 


Quadrant III 


• 




on 


mod 


on 


off 


Quadrant IV 


• 


+ 


on 


off 


on 


mod 


Voltage TVanaition (Ho-« -to4) 


0 


X 


on 


on 


on 


on 


MadB T^aition (Quadrants I to 11, 11 to Q 


+ 


X 


off 


on 


off 


on 


Mode TVanaition (Quadrants III to IV, IV to III) 




X 


on 


off 


on 


off 


Shutdown 


+ 


X 


off 


on 


off 


on 


Shutdown 




X 


on 


off 


on 


off 
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where "mod" means modulate (i.e., by means of PWM, pulse firequency modulation, or 
the like as will be known to those skilled in the art); where 'x^ means that it doesn't 
matter what the polarity of the current is; where 'Mode' refers to the various operating 
states that can occur during operation of the power controller; where 'Voltage' refers 
to the i2^)ut voltage polarity of controller 100 (firom the polarity detector 160) and where 
*0" refers to the voltage transition point; where 'Current* refers to the output current 
polarity fix)m power controller 100; and where Ql, Q2, Q3, and Q4 are the outputs that 
define the operation of those respective power switches. These switches interface with 
the control logic section 190 via conventional level shift circuitry 180. 

It should be kept in mind that, while a mode transition might look inconsistent 
with an "x" as a current state, in the various Qxiadrant modes, current is a desired 
output resulting from the logic scheme rather than an ixxpyxt to it. In preferred 
embodiments, converter 100 chooses its quadrant modes based upon input voltage and 
error circuit output (in modulator 170). Thus, a positive input voltage will determine 
that either Quadrant I or Quadrant II will be employed, while a negative izq)ut voltage 
will determine that either Quadrant III or Quadrant IV will be employed. The selection 
of Quadrant I vs. Quadrant II or Quadrant III vs. Quadrant IV is dependent upon the 
error circuitry on the other hand. The error circuitry compares output voltage to the 
reference and determines both the required direction of current flow and the required 
amount of modulation by way of the error amplitude output to maintain converter 
output regulation. 

Thus, in the practice of the invention in this aspect, current can be in either 
direction for any particular Quadrant or transition without damaging the converter 100. 
In operation, the logic scheme summarized above for controlling the power switches 



drives the output current in the right current direction; the transitions serve only to 
provide a controlled and nondestructive logic transition between operatmg modes. It 
should also be noted that both Mode and Voltage transitions are short term events that 
last in the range of a few himdred nanoseconds to several microseconds, with typical 
6 times on the order of a microsecond. 

Quadrant selection in these embodiments can be roughly analogized to changing 
motor directions in a motor driven watercraft. The motor has both direction (forward 
and reverse) aiul magnitude (throttle) control which correspond to quadrant modes and 
modulation amplitude, respectively. It is dear then that it is not necessary for either 
10 the boat, or the converter, to be stopped (zero output current) in order for the boat to 
j,,^ change motor directions, or for the converter to transition between modes. 
P The advantages of the control logic scheme summarized in Table 2 are several: 

1. It provides for a truly instantaneous regiilator because only one switdi is 
modulated at a time, whereas other schemes \ise a sequence or a series of switches and 
15 the whole sequence or series has to run before a return to a changed switch state. 
'''^1 2. There are no deadtimes. This differs from some disclosed embodiments where 

s 

p deadtimes are apphed to prevent simultaneous conduction across power switches. In 
pf this scheme there is no opportunity for cross conduction; the switching is virtually 
f|l instantaneous. 

20^-^ 3. Lower switching losses and discontinuous conduction at lower power ranges 

ly 

allows for higher efQciency. 

4. No snubbers are required, so there are no snubber losses. 
6. It can make use of an "all on" zero crossing. 

6. It provides fi)r devices with true four quadrant operation and bi-directional power 
25 flow. 

In Figure 32 a preferred embodiment of the power controller 100 is shown in 
block diagram form, with particular reference to variation of details of input to the 
modulator section 170. Sine wave reference 162 feeds polarity switch 163, is in phase 
with the voltage at input 110, and may be derived from any of a number of known 

30 sources. For instance, a sine wave generator, phase locked to the wput line, or a 
microprocessor look up table, could be used. The input voltage itself, attenuated and 
optionally filtered to eliminate harmonics, could also be employed in some applications. 
Voltage polarity detector 161 senses polarity (+ or 0 of the input voltage at the input of 
power stage 130. When input voltage is positive, detector 161 outputs a high logic state 

35 to all polarity switches 163 • 165 and to control logic 190, When input voltage is 
negative, detector 161 outputs a low logic state. 



If polarity switches 163 - 166 receive high logic input, they pass their iiq>ut 
directly to their output; if they receive low logic inpyit, they first invert their input 
signal, then pass it to output. This configuration is preferred over a simple full wave 
rectification block. In order for the error corrector 172 to properly signal modulators 173 
and 174, all references and error signal inputs must be referenced to the polarity of the 
voltage across the input to power stage 130. Output voltage and current transients and 
rings could tenqporarily change polarity, but the error signals must not change polarity 
state or else error corrector 172 will ampUfy errors rather than correct them. 

Gain control 171 receives input firom polarity switch 163 and sine wave 
reference 162. It is an adjustable attenuator varying the amplitude of the reference 
signal to error corrector 172. Gain control 171 also receives irq^nt from control input 210 
which is preferably an external input to determine overall output level, as will be 
appreciated by those skilled in the art. In a preferred embodiment, it is a digitally 
controlled attenuator, but in some appHcations, a simple potentiometer would suffice. 
Error corrector 172 then compares the attenuated reference signal with the output 
voltage from output 160 and, optionally, the output current, firom optional current sense 
220, one or both of which are run through optional attenuator 230 and then through 
polarity switches 164 and 165, respectively, as described above. Error corrector 172 
then outputs a signal to modulators 173 and 174 that will keep power controller 100 
output 150 accurately following the reference. In a preferred embodiment, this is 
accomplished with a single error amplifier, although a microcontroller may also be used 
advantageously, as will be appreciated by those skilled in the art. 

Each of the modulators 173 and 174 receive an ii^ut firom error corrector 172 
and convert it to a digitally modulated output. This is generally in the form of PWM 
ranging from 0% to 100% at frequencies preferably between 10 KHz and50 KHz, 
depending upon the application Other fiiequendes and other modulation methods such 
as pvdse frequenpy modulation (PFM) may be employed as welL In a preferred 
embodiment, each modulator comprises a triangle waveform generator and a 
comparator. The triangle waveform itself is fed into the negative input of the 
congparator and the error corrector output is fed in the positive input of the comparator. 
The comparator output of each modulator is then fed to control logic 190. Preferably, 
each modvdator has its triangle wave input ofEset firom the other in order to allow a 
sequential response from the modulators according to the output of error corrector 172. 
For instance, in a preferred embodiment, triangle waves of 2.6V peak to peak are offset 
in relative steps of 2.5V as they feed into the modulator comparators. Modulator 173 
(for Ql, Q2) then responds to error corrector outputs of 3.5VDC to 6.0VDC, while 




modidator 174 (for Q3, Q4) responds to error corrector outputs of l.OVDC to 3.5VDC, 
In addition, the output of modulator 174 is preferably inverted. The overall output 
response of the modulators is therefore in accordance with Table 3 (where ' 1" is *on*, 
and -(T is -off). 
5 Table 8 



Error Oonectar Output 


Q3, Q4 Modulator Output 


Ql. Q2 Modulator Output 


O.OVtol.OV 


1 


0 


1.0V to 3.5V 


MODULATE 


0 


3.6V to 6.0V 


0 


MODULATE 


>6.0V 


0 


1 



Outputs from polarity detector 161 and the modulators are fed into control 
logic 190, which outputs power transistor drive signals according to Table 2 or 4. 
Optional current sense 220 senses £9r overcorrent protection or for output current 
regulation into a load. It is preferably a current transformer, but may also be via an 
isolation amplifier, hall effect sensor or other means known to those skilled in the art. 
Attenuator 230 is preferably a simple resistive divider. 

Where the power converter of the invention drives only nonreactive loads (jLe., 
in Quadrants I and III only), a simplified logic scheme may optimally be enqployed, as 
summarized in Table 4. 
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Voltage 


Ouirent 


Ql 


02 


Q3 


Q4 


Quadrant I 


+ 


+ 


mod 


on 


off 


on 
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l,^LJL^ 


on 


off 


Voltaga Transition (-Ko-* -to4) 


0 




on 


on 


on 


on 



Figure 33 iUustrates a high voltage regulator 1000 embodixnent of the invention 
comprised of two power converters 1001 and 1002 of the invention and a 
transformer 1050. An ix4>ut voltage from an AC source is connected to VIN Qugtii 1090 
30 and VIN Qow) 1020. VIN (high) 1090 and VIN Qow) 1020 connect to primaxy 
winding 1051 of transformer 1050, and VIN Ough) 1090 also connects to output 1061 of 
controller 1001. Output 1062 of controlter 1002 is connected to VOUT (high) 1030, while 
VIN (low) 1020 is connected directly to VOUT (low) 1040. 

Both controllers have as their voltage source secondary winding 1052 and each 
35 controller is controlled indepeiulently so that the difierenoe in output voltages of the two 
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controllers is algebraically added to input voltage at VIN (high) 1090. For example, if 
the input voltage is 10,000VAC and the secondary winding is 500VAC, which is within 
the operating range of the invention oontroUen both controllers are controlled to remain 
at zero output voltage when no regulation is needed, since the difference between the 
two controller outputs is thtis zero, and the iaput voltage passes-to the output at VOUT 
(high) 1030 unmodified. It will be appreciated that the dififorenoe is also zero if both 
controllers are modulated to some identical, but non-zero, voltage, except that that 
would not be as efficient a usage of power in the controllers themselves. If 
controller 1002 is modulated to increase its output voltage with respect to its return, 
and if controller 1001 is controlled to produce zero output voltage, then an AC voltage 
equal to the difference in output voltages of the two controllers is added to VIN 
(high) 1090 and sent to VOUT (high) 1030. This output addition is typically adjustable 
fromOVACto500VAC. 

Then to achieve a like continuously adjustable subtraction of voltage from VIN 
(high) 1090, controllers 1001 and 1002 are modulated inversely from that outlined 
above, so that 1001 has increased output while 1002 remains at zero. In this maimer, 
for the given example, voltage may be continuously varied from about 9500VAC to 
10,600VAC (lOKVAC - 500VAC to lOKVAC + 500VAC), for a total high voltage 
regulation range of +/-5%. 

In Figure 34 an extended range high voltage AC regulator 1080 is illustrated. 
Extended range (for instance over that associated with the embodiment in Figure 33) 
is achieved by adding another secondary winding 1063 and another pair of power 
controllers 1003 and 1004. The two pairs of controllers illustrated are connected as 
shown in series with each other (output 1062 connected to output 1063), and the outputs 
of each pair are thus simply added to each other and to VIN (high) 1090. The number 
of controller pairs employed in this fsishion may also be increased to achieve any 
particular desired regulation range (in the example above, thus adding 600VAC of range 
per pair). (Optional conventional fiedl sense circuitry may be employed in such multiple 
pair embodiments to insiure that operable pairs continue to provide miiyiiniim range 
leaving oft only the failed pair(s). 

Figure 35 illustrates a three phase delta high voltage conditioner 1110 
embodiment corresponding to the single phase embodiment of Figure 34. Three 
transformers 961, 962, 963 have their respective primaries connected to the reespective 
phase input voltages 971, 972, 973. These are shown as three separate transformers, 
although a single conventional three phase transformer may also be employed. E!ach 
transformer primary has two associated secondaiy windings for the purpose of adding 
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or subtracting voltage from the input voltage as previous described for Figures 33 and 
34. 

As it is typically desirable to keep the output of such a system in phase with the 
input, especially when employing the circuit in utihty appUcations, each phase is 
modified by two power controller pairs. For example, to regulate phase A, it is fed 
through controllers 1001 and 1002 (delta phase C-^ and controllers 1007 and 1008 
(delta phase A-B) to phase A output 981. In like manner, phase B is fed through 
controllers 1005 and 1006 (delta phase A-B) and controllers 1011 and 1012 (delta phase 
B-Q to phase B output 982. and phase C is fed through controllers 1009 and 1010 (delta 
phase B-C) and controllers 1003 and 1004 (delta phase C-A) to phase C output 983. 
Oompare this embodiment to the other three phase delta power controller of Figure 31. 

Figure 9 illustrates an alternate embodiment of the power converter of the 
invention. It is particularly well adapted for higher power (lOOA and up) appUcations. 
It is in most respects the same as that shown in Figure 5, except for the arrangement 
of switches Ql * Q4, and a different switch diode arrangement. Ql • Q4 are 
independently controlled as before Gogical control direct to the gate of each switch, no 
two gates tied together or receiving control from the same logical controller element), 
but the switch sources of respective switch pairs (i.e. Q1-Q2) are not directly tied 
together, as they are in the embodiment in Figure 5. Diodes Dl - D4 are also differently 
placed, rather than simply connected across source and drain of their respective 
switches. Additional diodes D5 - D8 are relatively small and inexpensive, and added to 
the design to help bypass the switches as they (diodes Dl • D4 )txim ofC but are not 
necessary when MOSFET switches are used (instead of the preferred IGBPs). 

In a power factor correction £Q)plication, the converter circuit of the invention can 
interface between the power line and a PFG capacitor, and/or reactor. If the power 
factor, or the phase delay, on the line is measured, and then fed into an appropriate 
error amplifier, of such design as will be readily available to those skilled in the art, 
then the power controller with its control circuitry will automatically correct power 
factor on the line, even approaching unity PF, and with response time on the order of 
0.1 seconds. 

Figure 10 shows such an automatic variable power factor corrector 600, having 
a power controller 100 and power factor correction capacitor(s) 630 and control circuitry. 
This topology is well adapted for correcting lagging power factor due to tise of motors 
and transformers on the line. 

Operation of automatic power factor corrector 600 is based upon the addition of 
a variable leading load in parallel with the lagging load to be corrected. The two loads 



will cancel each other out, achieving a unity power factor. This is accomplished by 
varying controller 100 output into PFC capacitor(8) 630, so that the varying output 
voltage in turn varies output current into capacitor 630, so that a variable capadtive 
load is reflected back into the power line. Automatic correction is achieved by adding 
a current sensor 641 in series with the load. A current sense signal 671 from current 
sensor 641 is conq>ared with a voltage signal 672 to detect phase delay (and thus power 
factor) in phase delay detector 620. A phase error amplifier 650 receives this phase 
delay information 673 and adjusts power controller 100 through its modulator 170 to 
vary reflected capacitance, and thus minimize phase delay (bringing PF toward unity). 
This loop preferably has a bandwidth of 20 Hz or less. (Power controller 100 is shown 
as a dotted block with its modulator 170 drawn as though separate to emphasize its 
function in this illustratioxL) 

PFC capacitors can resonate with other elements in the power system. To limit 
or eliminate this possibility, an optional additional current sensor 642 is placed between 
controller 100 output and PFC capacitor 630, in series. Within current sensor 642, the 
fundamental line frequency is filtered out, as will be appreciated by those skilled in the 
art, to leave only harmonic currents information. Oirrent sense signal 674 containing 
this harmonic information is then sent to a fast error amplifier 660 (several KHz 
bandwidth) which in turn adjusts modulator 170 of power controller 100 to keep the 
capacitor current sinusoidal (non-harmonic). Thus power controller 100 responds to 
sbw signals firom power factor error amplifier 650, and fast signals firom harmonic error 
amplifier 660. The result is an automatic power factor corrector 600 with continuous 
variability and which does not tend to resonate with other elements in a power 
distribution system. 

The disclosed PFC method azid apparatus can also be configured for three phase 
PFC for effecting balanced bads by empbying two power controller units 100a and 100b, 
and three PFC capacitors 630ab, 630ac and 630bc as shown in Figure 11. In this 
embodiment, power controller 100a is preferably in parallel between a first AC line (A) 
and a third AC line (C), and power controller 100b is in parallel between a second AC 
line (B) and the third AC line. Capacitor 630ac is preferably connected between the 
output of controller 100a and AC line (Q, capacitor 630bc is connected between the 
output of controller 100b and AC line (C), and capacitor 630ab is connected between the 
output of controller 100a and the output of controller 100b. 

Figure 12 shows a configuration for controlling three phase induction motor 612, 
as an alternate PFC correction method accomplished by lowering the motor terminal 
voltage via controllers 100a, 100b when motor 612 in not operating at full load. Power 



controller 100a is in series in line 1, and power controller 100b is in series in line 3. 
Both controllers return to lin^ 2. Independent modxilation and control of controllers 
100a, 100b results in optimal power conversion and control for induction motor 612, 
while also optimizing power quality on the three phase line system. 
6 The power controller 100 of the invention is also well' adapted to be used in 

combination with simple componentry to fashion fully (and optionally automatically) 
adjustable components, such as c£q;)acitor8, inductors, resistors, and the like, for example 
as shown in Figures 13, 14, and 16. 

In Figure 31, a three phase delta power conditioner is shown in block diagram 
10 form. It is a combination of three power controllers of the invention ^Tiij three 

transformers, which together implement a circuit for controlling the output voltage of 
a delta wired three phase input. Each power controller is connected between two 
ih different phases and each controller divers a transformer which modifies the voltage on 
fll two different phases. Put differently, each phase is acted upon by two different 

1^0 converter/transformer combinations. 

SI 

e As an illustrative example, regard phase A IN 971 in Figure 31. Power 

Q controller 992 is connected between phase B and Phase A and drives transformer 962. 

ill 

p Power controller 991 is connected between phase A and Phase C and drives transformer 
tl^ 961. The primary return of transformer 962 is ooxmected to phase A IN 971, and the 
20^1^ autotransformed tap of transformer 962 is in turn fed to the floating winding of 
transformer 961. The output of the floating winding of transformer 961 is then fed to 
the output as phase A OUT 981. 

Now under normal operating conditions, all controller outputs start at zero 
output voltage. In this mode, phase A passes through transformer 962 and transformer 
25 961 unmodified. However, as power controller 991 and power controller 992 increase 
their output, phase A begins to be modified. Increasing output voltage firom power 
controller 992 throui^ transformer 962 moves the output tap of transformer 962 closer 
to phase B. Similarly, an equal increase in the output voltage firom power controller 991 
through transformer 961 moves phase A OUT 981 an equal di^tflwce toward phase C. 
30 The result of these two vectors is that phase A OUT 981 is rediioed in amplitude but 
remains in phase with phase A IN 921. 

A like effect upon phase B and phase C will be appreciated, so that the overall 
effect is an adjustable delta voltage source, concentric with the input voltage, and in 
phase with it. If the controllers are independently adjusted, then input phase angle 
35 irregularities may also be compensated for, which reduces voltage imbalance losses in 
three phase motors and transformers. 



For operation firom no output voltage to full output voltage, the turns ratio of 
each transformer primary to its autotransformed tap and floating winding is 3:1:1. 
Numbers higher than this (such as 6:1:1) will result in a smaller range of voltage 
adjustabihty while redxicing the required output current from each power controller. 

In an alternate embodiment, each of the three power controllers is connected to 
a different input phase and provides an output that is between 0% and 10094 of the 
input voltage between IN and RETURN). Each output drives the primaxy of its 
own trans£6nner» where each such transformer has an autotransformed tap that is fed 
into the auxiliary winding of the transformer that is connected to the adjacent phase. 
The output of that auxiliary winding is then the conditioned output of the phase for that 
transformer. 

For the full range output from OV to the full input voltage, the turns ratio of the 
transformer is: 

N(primary) = 3 N(tap) = 3 N(auxiUary) 
where N(primary) is the number of total turns from the output of the power controller 
to its return, and it includes the turns in the tapped winding. 

Operation over different ranges is possible by varying the transformer turns 
ratio, as long as the tap and auxiliary windings all have the same number of turns. It 
will be appreciated therefore that output voltage is at a mfiYiTniiTTi (approaching the 
input voltage) when all power controllers are at miniTmiTn output voltage. Conversely, 
output voltage is at a minimum when all power controllers are at mqTiTniiTT^ output 
voltage. 

Generally speaking, it will be preferred to operate all three power controllers at 
equal output voltages; however, since they may all three be individually controlled, the 
conditioner can be used to compensate for voltage imhfllflTirft on the iiqput. 

Figure 13 shows adjustable capacitor 610. Power controller 100 variably reflects 
the capadtanoe of capacitor Cl back onto the input and return ooxmections. The 
reflected capadtanoe value ranges between 0 and the full rated value of Cl. Typical 
applications would be adjustable power line filters with variable frequency ^^xri 
ampUtude characteristics, and adjustable components of harmonic current traps and 
rejecters. See discussion infra of Figures 24 and 25. 

Figure 14 shows adjustable inductor 520 whose reflected inductance can be 
varied, via controller 100, between the full rated value of LI and (theoretically) infinity. 
Its appUcations are as complementary components to the variable capacitor in its 
applications as disclosed above. It should be noted that for a duty cycle D and a fiill 
rated inductance L, reflected inductance is given by the formula: 
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I^ = L/D^ 

Figure 16 shows variable resistor 630 with a resistance value adjustable, via 
controller 100, between Rl and (theoretically) infinity. This topology would have 
applications including motor controls, a variable damping element in power line filters, 
and variable AC/DC power loads for testing electrical equipment (transformers, 
generators, AC power supphes, inverters, power distribution systems, and the like). 

Figure 16 shows adjustable harmonic rejector (shimt filter) 660 with 
oontroUer 100. Inductor LI is connected between the output of controller 100 and the 
retuni* while capacitor Cl is connected between output and iixjpvLt of controller 100, As 
controller 100 duty cycle is increased, both reflected capacitance and inductance 
decrease. The residt is a parallel LC filter with resonance (or "notch") that is tunable 
over a wide frequency range. This would have appUcation in power line harmonic 
voltage and current reduction. For instance, the unit could be installed in series with 
the power line and its resonance adjusted to reject a desired harmonic. In response to 
changes of load on the system* it may be suitably readjusted, either manually or 
automatically, for optimum performance. 

Figure 17 shows AC power conditioner 700 for regulating output voltage over a 
limited range. This configuration allows use of a lower voltage power controller than 
one otherwise required for operation over a larger voltage range. 

Input voltage is fed to autotransformer 702 having two output taps 704, 706. 
Lower tap 706 is configured to be the bwest desired voltage step down, while higher tap 
704 is set for the highest desired voltage step iq). Power controller 100 is connected 
between these two taps and thus varies the output voltage firom one tap to the other in 
continuously variable increments. Conditioner/converter 700 may thus be used either 
as a constant output voltage regulator for input voltages that vary, or as a device for 
providing varying output voltages firom a constant input voltage. 

Uong this configuration, if an output variation range of +/- 20% is desiiBd. then 
power controller 100 itself need only withstand 40% of the iiqiut voltage. This allows 
available semiconductors to regulate much higher output voltages than if the controller 
100 were operating without autotransformer 702. In lower voltage circuits (such as 
120VAO, it aUows ina3q;)ensive low voltage semioonductora (<100VD(3 to be used, giving 
significant cost advantages over other line conditionii^ methods. 

Figure 18 shows isolated output AC power conditioner 710 having power 
controller 100 and three part coupled magnetic structure 720. This topology provides 
isolated variable output voltage over a limited output range while also providing 
galvanic isolation firom input to output 
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Magnetic structure 720 oomprises three oore sections which are coupled at each 
end. Each section has associated winding 722A, 722B, and 722C respectively, each 
winding having a number of turns Nb, and No respectively. For operation within the 
saturation limits of the oore, voltages V may be appUed to the windings according to the 
following formula: 

Va/Na + Vb/Nb + Vc/Nc = 0 
while the correspondizig formula for current is: 

IaNx = IbNb = IcNc 

In this isolated output AC power conditioner, input voltage is applied directly across 
winding 722A. Power controller 100 receives the same input voltage and applies a 
variable voltage across winding 722B with the number of turns Nb corresponding to the 
maximum amount of output voltage regulation range desired. The voltage delivered 
from the output winding 722C can be described therefore by the following formula: 

V«,/Nc = -V^/Na • V«^/Nb 
With this topology, Nb can be much greater than N^ as the output regulation range is 
reduced. Thus power controller 100 output current is reduced for a given total 
conditioner 710 output current (and power), and line regulation over the desired range 
is accomplished with a relatively smaller power regulator 100. Costs are thus reduced, 
efBdency is increased, and larger amounts of power may be regulated than by merely 
cascading a power controller with a standard isolation transformer, ^plications for 
this topology are anticipated in line voltage regulation^ data processing, 
teleconununications, and medical equipment. 

Figure 19 shows high voltage input AC power conditioner 730. The circuitry is 
substantially the same as for Figure 18 above, except that power controller 100 is 
operated from a voltage that is lower than the izqput voltage. Winding 722A has tap 724 
in it, creating in effect a step down autotransformer for use by controller 100. The tap 
voltage is selected according to the voltage ixvut limitations of power controller 100. All 
other specification and operation is the same as above. 

This topology can regulate voltages for beyond what ooidd be done with 
conventional power semiconductors employed in direct regulation. As an example, the 
ixq)ut voltage can be as much as 13,200V, and yet regulation can be accomplished using 
nothing more than standard senuconductors (having ratings such as 1200V or 1700V). 
Applications are envisioned in regulated distribution transformers such as those 
dropping distribution voltages down to 120/240VAC for residential and conunerdal 
customers. 
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Figure 20 shows AC hybrid power conditioner 740, similar to AC power 
conditioner 700 disclosed above, except that it is capable of connecting di£Ferent 
taps 746a-d in autotransfbrmer 742 to the input voltage. Output regulation is generally 
accomplished in two steps. The first step comprises selecting and connecting an 
5 appropriate tap 746a, b, c, or d on autotransformer 742 to thedzqput voltage. The tap 
is selected so that the input 748 of power controller 100 is higher than the desired 
output voltage and the return of power controller 100 is lower than the desired output 
voltage. Connection is pxefiarably accomplished using thyristor switches 746a-dL and in 
a manner similar to coxmection in conventional tap switching line conditioners. 
10 The second step consists of modulatiog controller 100 to provide an adjustable 

|>4 output voltage that can be varied continuously between its input and return voltages. 

By combining these steps, precise regulation of output voltages is possible over a wide 
Ut range of input voltages. This circuit topology allows controller 100 to operate over a 
l^ll smaller voltage range so that lower voltage power controller components may be 
ISii) employed for a given output voltage. At the same time, continuous output adjustability 
^ 18 m a int a ine d, providing superior regulating capability over conventional power 
C) conditioners. 

Bi; X 
: s 5 

Q Figure 21 shows hybrid isolated AC power conditioner 760, similar to high 

CF^ voltage input AC power conditioner 730 disclosed above, particularly in that it uses a 
2(^11 three part magnetic structure 720 and power controller 100, but it adds tap selecting 
capability to the winding 722A. Tap connection is preferably accomplished using 
thyristor switches 744a-c to connect the proper tap 746a-c of winding 722A to the ixvut 
voltage. This tap selection allows a coarse adjustment of the output voltage in one or 
more discreet steps. Fine adjustment is achieved by varying the voltage on 
26 winding 722B by varying the output of power controller 100. 

With tap selecting capability in this embodiment of the invention, power 
controller 100 is only required to regulate over a much smaller range than otherwise 
practical or useful, and the amount of power delivered by controller 100 to the 
transformer is decreased. This allows either a decrease in the size of the power 
30 controller, or an increase in the output capability of the conditioner system for a given 

size power controller. 

Figure 22 schematically illustrates preferred AC voltage regulator 300 of the 
invention. This circuit emptoys two power controllers 100a and 100b that drive opposite 
ends of a primary winding 311 of transformer 310. Secondaiy winding 312 is in series 
35 with Input line (high). 
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Regulator 300 functions by using the secondary 312 output to either add to or 
subtract firom the input voltage. Adding and subtracting are controlled by separately 
modulating the outputs of controllers 100a and 100b. There are three modes of 
operatioiL 

In mode 1, both controllers are at zero output voltage. The transformer primary 
311 is thus clamped to no voltage, while the current is allowed to pass through 
secondary 312 (and through the primary as reflected through the transformer). Zero 
primary voltage translates to zero secondary voltage, and the iiq;>ut voltage is thereby 
maintained firom i2q>ut to output with voltage neither added nor subtracted. 

In mode 2, controller 100a output is increased over the output of controller 100b 
(preferably held at a minimum). In this mode* a variable amount of voltage firom 
controller 100a on primary 311 adds a proportional voltage (according to turns ratio of 
primary to secondary windings) to the input voltage, and output voltage is thereby 
effectively increased. 

In mode 3, controller 100b output is increased over the output of controller 100a 
(now preferably at a minimum). In this mode, a variable amount of voltage firom 
controller 100b on primary 311 subtracts a pr(q;)ortional voltage (according to turns ratio 
of primary to secondary windings) firom the iiqput voltage, and output voltage is thereby 
effectively decreased. 

For industrial level (460VAC!) voltage regulators, a +/- 10% variability is reqiiired. 
This would mean a transformer turns ratio (prixnsjy to secondary) in the preferred 
circuit of approximately 10: 1. With this circuit and conventional power semiconductor 
tedmobgy, it should be possible to provide regulation at power levels in excess of IMW 
per phase. 

Figure 23 schematically illustrates preferred isolated AC voltage regulator 320 
of the invention. Regulator 320 is anticipated to be used to take utility distribution 
voltages and provide isolated and regulated low voltage outputs for residential, 
commercial, and industrial appUcations. 

In operation, iiput voltage is apphed to input winding 331 and provides thereby 
most of the voltage that is transformed to output winding 333. Two power controllers 
100a and l(X)b operate in aooordanoe with the disclosure herein firom a lower voltage tap 
335 on winding 331. Controllers 100a and 100b are used to drive intermediate winding 
332, which preferably has several time the number of turns of winding 331. Output 
winding 333 has conventional neutral tap 338 

The two power controllers operate in essentially the same three modes as 
described in conjimction with the apparatus shown in Figure 22. In total, the controllers 
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provide a small part of the total voltage trans&rmed to winding 333 to effectively adjiist 
output voltage up or down finom nominal voltage value, or to damp to the nominal value. 
Advantages of this circuit include continuoiis amplitude adjustability over the entire 
regulating range, and no mechanical contacts to wear out. 

Figure 24 schematically illustrates adjustable parallel harmonic filter 400 
embodiment of the invention. Filter 400 is a system that enq>loys the power controller 
100 of the invention as a kind of adjustable capacitor, as more fully disclosed elsewhere 
herein. PFC capacitor 430 lies between the output of controller 100 and low side of bad 
410. Inductor 420 lies between ix^)ut high and controller 100 inpiit. Controller 100 is 
in parallel with load 410. 

It is envisioned that filter system 400 will find use as a harmonic current trap, 
with the advantage of continuous adjustability of its resonant frequency. With 
continuous adjustability, filter 400 may be fine tuned for better performance and less 
ringing with other power line components. It may also be readjusted at any time in 
accordance with the changing line and load conditions in the electrical system. 

Figure 26 schematically iUustrates adjustable series harmonic rejector 460 
embodiment of the invention. Rejector 460 is a system application of the adjustable 
harmonic rejector 560 discuss in conjunction with Figure 16, and which functions as a 
kind of adjustable parallel LC network. Inductor 420 lies between controller 100 input 
and output while PFC capacitor 430 lies between controller 100 output and high side 
of load 410. Controller 100 is in series with load 410. Optional filter 460 is in parallel 
with load 410. 

Rejector 460 is envisioned for use to selectively reject any harmonic current in 
a system so as to keep it from conducting back to source. Rejector 460 may be cyptionally 
aided by addition of parallel filter 460 to absorb (or shunt) any rejected harmonic 
current. As with the adjustable parallel harmonic filter 400, rejector 460 may be fine 
timed for optimum performance and to accommodate rhsknfnnff power distribution 
conditions. 

Preliminary testing of prototypes of power controller embodiments of the 
invention are very encouraging. In a test of a power factor corrector embodiment of the 
invention, a one horsepower pump (running dry, at mimTtiiiTn load, at ynfl-giTnum load), 
a window fan (at low, mediiun, higlO, and a radial arm saw (running idle) were tested, 
and input current was first measured without any attempt at power factor correction, 
and PF was noted. Then the corrector of the invention was applied to correct PF, and 
input current was again measured, and PF noted. The results are sunmiarized in 
Table 5. All measurements were taken at 120VAC, 60Hz. 
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Table 6 



Test Unit 


Input 
Current 
with/o PFC 


Power 
Factor 


Luput 
Current 
with/ PFC 


Power 
Factor 


Comments 


1 HP pump 


10.74A 


.365 


6.31A 


.950 


Diy operation 


■ 


14.16A 


.782 


11.68A 


.986 


pwnpinff . min. load 


■ 


16.10A 


JBS3 


13.72A 


.990 


puxnpittff. max. load 


Window lieoi 




.649 




.988 


L0W.93W 


m 




.690 




MB 


MfMliinn. i41W 






.694 




.986 


Hleh. 180W 


Radial saw 


7.41A 


J2S1 


3.15A 


.846 


Bunning, idle 



These tests, while providing good numbers, highlighted the importance of proper 
treatment of resonances between the PFC capacitors and parasitic system inductances. 
The oocuirence of this problem is well known. Most manufacturers of conventional PFC 
systems use an elaborate and expensive array of optional harmonic **traps" that have to 
be customized to a specific installation. Passive damping, as will be appreciated by 
those skilled in the art, can to some extent be built into a system to reduce harmonic 
currents. But active damping, which is preferred, yields better PFC results, increased 
efSdency, and reduced cost. In active damping, small signal control circuitry is used to 
vary the duty cycle of the PWM in opposition to the harmonics, causing the power 
controller to reject the harmonics, and leading to yet higher PF. It is anticipated that 
it will also lead to reduced resonances in the utilily service as well. 

A second round of testing on the 1 HP motor, running at no load, was conducted 
to test and demonstrate PFC efibctiveness of the power fiictor corrector of the invention 
with added capability for active damping. Figure 26a is an osdlloscope printout showing 
the line current waveform of the 1 HP motor running at no load. Input voltage is 
120VAa In this test, PFwas noted at bebw 0.4, withinput current at 10.7ARMS. The 
waveform shows sUght distortion. Conunon osdlloscope settings for the tests in the 
Figure 26 series were: auto edge trigger; edge; souree=l; l6vel=876.000 mV; and holdoff 
time= 14.000 mS. 

Figure 26b is an oscilloscope printout showing the effect of the prototype 
invention PFC, but without any damping. Input current was substantially reduced to 
4.8ARMS. Significant resonance and current draw at the ninth harmonic (540Hz) can 
be seen Figure 26c is an oscilloscope printout showing the results of adding a passive 
(and power consuming) damper into the circuit. Input current drops to 4.6ARMS, and 
the ringing is somewhat diminished. 
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Figure 26d is an osdilosoope printout showiog the results of removing the passive 
damping and enq>Ioying the prototype PFC's own active damping circuit. It can be seen 
that the ringing has been eliminated (though there remain in this screen traces of 
crossover glitches caused by polarity switching in the error amplifier). Some distortion 
remains on the waveform, this is believed to be the uncorrected distortion existing on 
the original motor axrrent waveform Input current is reduced to 4.3 ARMS, even lower 
than with passive damping applied. 

Figure 26e is an oscilloscope printout showing, for comparison purposes, the 
effect of both active and passive damping applied. In most respects the waveform is 
identical to the previous printout, but the passive danq;>er dearly contributes to greater 
power consumption as the input current increases to 4.6ARMS. without significant 
improvement in the waveform over active Humping alone. 

Better results than these however are anticipated at the higher voltages more 
common in industrial use. These tests were conducted at 120VAC where IGBT and 
diode voltage drops are more significant in terms of percentage loss, than would be the 
case at the higher voltages. Also at 240VAC and 480VAC, there will be less converter 
loss per KVAR. Secondly, the tests were not conducted in a worst case resonance 
scenario; in an industrial plant with far less "dean" power, multiple motor and PFC 
resonant combinatioiia typically create fuse blowing and PFC capadtor feUures, and 
have much greater need for the kind of PFC demonstrated here. 

Another test was peiformed as a comparison of a conventional SCR power control 
device with the invention power controller (sometimes also referred to in the table and 
graphs as an "MPC"). Figure 27 is a efpreadsheet of comparative data on SCR 
performance vs. an invention prototype power controller. A prototype power controller 
inaooordanoe with this disdosure was run, in "buck" mode, at 120VACRMS ftom 100% 
to 0% of range. Both KW efOdency and KVAeflBdency were noted, as well as both input 
and output KW. KVA, PF and %THD-nn8a. The SCR device was run over the same 
range. The results are summarized in the spreadsheet, and the trand of the data, at 
least in certain respects, is evident firom reading the spreadsheet. While the SCR 
remains highly efficient throughout the range from 100% voltage to 0%, and the MPC 
dedines at 60% then falls off badly betow 20%, the MPC sustains high input PF to a 
mudi lower voltage (still .89 at 40%: the SCR falls below .9 around 85%). and maintains 
near unity output PF down to below 10%. Similarly, the MPC sustains lower mput and 
output current draw throughout the range, and is sharply lower in %THD on both input 
and output sides. 
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Figure 28 is a graph of relative efficiencies of conventional power control devices 
compared to the power controller of the invention, and Figure 29 is a graph of relative 
harmonics and power factor (for resistive loads) of conventional power control devices 
compared to the power controller of the invention. A study of hoth graphs together 
suggests that, while SCR's with their noted efficiency stay at the top of the graph in 
Figure 28, they are clearly the worst in PF and %THD performance in Figure 29. In 
Figure 28, it is apparent that the MFC's KW efGLdency is quite dose (above 90%) to that 
of the SCR down to 60% of range, and exceeds the e&dency of both inverters and linear 
siq[>plies down to about 20% of range. In sunmiary, the MFC compared to conventional 
devices has good ef&denQr, good power factor, and excellent harmonics (THD < 1%). 

With regard to componentry and assembly methodology above referred to, but 
not otherwise specified or described in detail herein, the workings and specifications of 
sudi components and the manner in which diey may be made or assembled or used, both 
cooperatively with each other and with the other elements of the invention described 
herein, to effect the purposes herein disdosed, are all believed to be well within the 
knowledge of those skilled in the art. No concerted attenqpt to repeat here what is 
generally known to the artisan has therefore been made. 

INDUSTRIAL APPUCABILITY 

An electrical converter implemented with a high firequency (>10KHz) and using 
switdmiode power conversion tedmiques achieves great advantage over existing 
circuits, induding higher output, smaller size, hght weight, lower cost, greater 
effidenpy, electrically quieter operation, and better reliability. 

In broad terms, the largest markets for the invention are related to electrical 
power quality products and electrical energy conservation products. At least half of the 
applications currently identified for the invention relate to improving the effidemy of, 
or deaning up power problems caused by, electrical motors and/or motor drives. The 
Edison Electric Institute reports that there are one billion electric motors in the US 
alone, and that they consume collectively nearly half of the total electridty consumed 
in the US. 

In compliance with the statute, the invention has been described in language 
more or less specific as to structural features. It is to be understood, however, that the 
invention is not limited to the specific fiaatures shown, since the means and construction 
shown comprise preferred forms of putting the invention into effect. The invention is, 
therefore, daimed in any of its forms or modifications within the legitimate and valid 
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scope of the upended daims, appropriately interpreted in aooordanoe with the doctrine 
of equivalents. 
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MicroPlanet MPC HMl Lamp Ballast operational modes 
Mode 1. Positive line voltage <20V, positive current (Q1) 

Q5 Modulates, current free-wheels thru Q4 & D3 
Q4, Ql closed; Q2, Q3, Q6 open 





MicroPlanet MPC HMI Lamp Ballast operational modes 
Mode 2. Positive line voltage >20V, positive current (Ql) 

Q5 McKlulates, current free-wheels thru QI & D2, when Q4 is open 
Ql closed; Q2, Q3, Q4, Q6 open 

Free-wheeling current pulls power out of LI (modulated in PFC manner) 
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MicroPlanet MPC HMI Lamp Ballast operational modes 
Mode 3. Positive line voltage >100V, positive current (Ql) 

Ql Modulates, current free-wheels thru Q4 & D3 
Q4 closed; Q2, Q3, Q5, Q6 open 
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MicroPlanet MPC HMI Lamp Ballast operational modes 
Mode 4. Positive line voltage >100V, positive current (Ql) 

Ql Modulates, current free-wheels thru D6, If Q4 is open 
Free-wheeling current pulls energy out of V- Cap, increasing its charge 
Q2, Q3, Q4, Q5, Q6 open 
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MicroPlanet MPC HMI Lamp Ballast operational modes 
Zero Crossing transition from Pos. (mode 1 ) to Neg. (mode 5) 

Ql, Q2, Q4, Q5, Q6 open, Q3 closes. 

Current freewheels thru D6 out of V- Cap increasing Its charge 
As current In LI stops Q6 begins to modulate and Mode #5 begins 
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MicroPlanet MPC HMI Lamp Ballast operational modes 
Mode 5. Negative line voltage <20V, negative current (Q3) 

Q6 Modulates, current free-wheels thru Q3 & D4 
Q3 & Q2 closed; Ql, Q4, Q5, open 




MicroPlanet MPC HMI Lamp Ballast operational modes 
Mode 6. Negative line voltage >20V, negative current (Q3) 

Q6 Modulates, current free-wheels thru Q2 & D1, when Q3 is open 
Q2 closed; QI, Q3, Q4, Q5 open 

Free-wheeling current pushes power Into LI (modulated in PFC manner) 
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MicroPlanet MPC HMI Lamp Ballast operational modes 
Mode 7. Negative line voltage >100V, negative current (Q3) 

Q2 Modulates, current freewheels thru Q3 & D4 
Q3 closed; QI, Q4, Q5, Q6 open 
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MicroPlanet MPC HMI Lamp Ballast operational modes 
Mode 8. Negative fine voltage >100V, negative current (Q3) 

Q2 Modulates, current freewheels thru D5, if Q3 is open 
Free-wheeling current pushes energy into V+ Cap, increasing its charge 
Ql, Q3, Q4, Q5, Q6 Open 
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MicroPfanet MPC HMI Lamp Ballast operational modes 
Zero Crossing transition from Neg. (mode 5] to Pos. (mode I ) 

Ql, Q2, Q3, Q5, Q6 open, Q4 closes 

Current freewheels thru D5 into charging V+ Cap 

As current in LI stops Q5 begins to modulate and Mode #1 begins 



